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1. INTRODUCTION: VOLUME II

1.1 Study Scope

Table 1-I is a list of component parameters which were
considered durin the study projram in the summarization of component
status and analvsis. Hmphisis on specific parameters varied according
to their importance. Table 1-1 is not all-inclusive but does illus-
trate the scope of the study.

Table 1-IT contains a list of missions which were used as
suidelines during the study which {urther define the scope of the
planned study.

The missicns were selected to provide pfactical application
of varying distances from the sun and dark times. Missions were
selected to provide the {ollowing variables:

1. Operation at Earth, Mars, or Venus
2. QOperation during travel from Farth to Mars or BFarth to Venus
3. Operation with constant or variable dark times

The study assumed that near future flights would utilize
sin;le skin concentrators similar to those now under development. A
maximum diameter of 9.5 feet was selected as being the larjest concen-
trator available in the near future and was based upon the projected
use ot a 120-inch shroud. 1t is possible that other types of mirrors
mizht prove desirable in the future.

Voltaze outputs were selected as being typical of spacecraft
lead requirements. Thermionic converter parameters are based on pro-
jected ability to achicve hih power densities with hardware diodes
at reasonable weisht. The choice of 0.5-1b constant wei_ ht for a con-
verter was done to limit the study to reasonable proportions. It is
recosnized that converter weiht will vary with power density and
current; however, this variation is almost a second order effect in

weilzht calculation.

4320-Final 1-1



TALLE 1-1
COMPONENT PARAMETERS

I. CONCLNTRATOR
Material
Weizht - skin and support
Diameter
Reilective Surface Characteristics
Temperature - transient and steady-state
Surface hLrror- dJdue to nmanufacture, mission environment, support
Mirror Etticienc. - aligned and misoriented
Rim Angle
Vibration Characteristics
Life and betevioration Modes

IT. THERMIONIC CONVERTER
Efficiency (at different conditions)
Heat Losses
Current - temperature relationships
Weight
Vibration Characteristics
I-V Characteristics at Different Temperatures
Life and Deteriorvation Modes
a) evaporation
b) seal temperature
c) vibration
d4) material degradation
P-V Characteristics at Ditierent Temperatures
Variations in Chlarcc erisiics lue Lo Manutacturing
Startup, Shutdown Characteristics

III. THERMIONIC GENERATOR
bificiency
Heat Losses
1-V Characteristics
P-V Characteristics
Effects of Converter Matching
Cavity Temperature - power, etficiency relationships
Power vs Number ol Converters
Failure ‘loles and Lifects
Startup Problems

We 1ght
Effect ol Variable Load
Cavity Elrfects - reradiation losses

- retlective losses
- temperature Jdistribution
- surface absorptivity
Cavity - mirror effects
a) misorientation
b) misalignment

43206=-Final 1-2
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TABLL 1-T7
MISSTONS

A. SOLAR INTENSITY

1000 n. miles modified sun svnchronous earth orbiter

325 n. miles circular earth orbiter - 55 minutes light time,
35 minutes dark time

Hizhly elliptical earth orbiter - shadow time ranging from
zero Lo 2 hrs tor 1% hr period, zero to 2 hrs for 50 hr period
Earth to Venus probe - velhicle always in sun from 1 AU to
0.726 AC

Earth to Mars probe - vehicle always in sun from 1 AU to

1.67 AU

Venus orbiter - distance from sun is 0.728 AU, dark time
constant at 2 hrs lor a 10 hr orbit

Mars orbiter - distance Lrom sun varies from 1.%42 AU to
1.67 AU, dark tine coustant at 2 hrs for a lU hr orbit

B. MIRROR SIE - range up Lo »-1/2 ft with system power of

(.3 to & KW

4326-Final 1-4
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1.2 Vehicle Integration and Packaging Prcblems

The practical use of the solar-thermionic system depends
upon a large number of factors, many of which are listed in Table
1-IIT. The design of the solar-thermionic system cannot hte accom-
plished independently of the requirements of the mission and of the
vehicle, Figure 1-1 is a block diagram of the solar thermionic system.

Table 1-II1 is included here as being of some use in consid-
eration of the practical app}ication of future solar-thermionic systems.
Table 1-TIT was not used except in a cursory sense during the analysis.

An examination was made of possible configurations of solar-
thermionic systems as packaged within shrouds. Three shrouds which
were considered were the Mariner C shroud, Surveyor shroud, and Saturn
IB nose fairing illustrated in Figs. 1-2, 1-3 and 1-4.

Figures 1-5 through 1-12 illustrate configuration studies
showing concentrator arrangements within given shrouds. Spacecraft
dimensions of reasonable size comparable to Surveyor, Voyager, and
Mariner were assumed. The concentrators were fitted between the
spacecraft and the shroud.

It is very difficult to determine limits on the number of
concentrators that can be fitted within the shroud without knowing
details of the adapter and spacecraft design. In particular, the
stacking of concentrators in the adapter section of the spacecraft
involves considerable difficulty in adapter design.

Figure 1-13 illustrates an approximate maximum for the num-
ber of concentrators vs mirror diameter that can be fitted within a
given shroud. As shown by the shaded band, estimates can only be ap-
proximate at this time.

One piece of interesting information is the number of con-

centrators requir

0

d as a function of power level, distance from the
sun, and system efficiency. The nomograph of Fig. 1-14 summarizes
this information. An example of how the nomograph can be used is
given in the figure. Figure 1-15 is an expansion of one part of the

nomograph.
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TABLE 1-T1T

SOME CONSTDERATIONS IN VEHICLL INTEGRATION OF

A SOLAR-THERMIONTC SYSTEM

? I, STRUCTURAL ASPLCIS
1. Packaging
' a. Ability to [it within shroud (with adequate clearance)
| static and dynamic shroud envelope, jettison envelope,
thermal growth
b. Number of attachwents, linkages, dampers, etc., required and
their plocement on vehicle frame to providé support during
launch
¢. Adapter characteristics
Jd.  Support position requirements and interference with antenna
and other vehicle equipment - open truss and/or monocoque
| bus and superstructure
e. Ability to have access to vehicle Lor ground chechkout, etc.,
after packaging
f£. C.i. location from launch to deployment
¢. Ability to proviie entire power siystem on common mounting
P assenily
h. Interstage connections - telemetry, ground power, switching

4326-Final

Deployment Mechanics

a

b.
C.
1

e

€.

L:iect on vehicle inertial characteristics - nature of
mass novement

Interference with other velicle equipment

Number ol commands and complexicy of unlolding sequence
Pvrotecanic design

Need tor jettison of wmodules

Dynanics ot Deployed Structure

a.

c.
d.
e.
L,
£
h.
i.
j.
k.

Undanped natural frequencics and the matching between
sources - interaction with attitude control - undamped

first natural cantilever (or other) frequency (between

0.5 and 5.0 cps typical)

Damping ratio of tke sclar-thermionic structure and matching
between sources - ratio of damping to critical Jdamping in
the first mode of 0.2 to 0.7

C.C. location envelope and C.G. variation envelope

Moment of inertia and their ratios

Products of inertia and their ratios

Variation in moments about ce:terline (vary less than 5 percent)
Center of radiation pressure cnvelope

fhe effects of vernler coutrol or system movement

Separation dvnamics and acceleration forces and direction
Mic-course maneuver acceleration Lorces and direction
Terminal maneuver acceleration rorces aund direction
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. TADLE 1-T11
SOME CONSIDERATIONS IN VEHICLE INTEGRATION OF
A SOLAR-THERMIONIC SYSTEM (contd)

4. Support for Other Equipment (not considered in study)
a. Celestial, sun or other sensors
b. Gas jets, solar vanes for attitude control
¢. Antennas

5. Obstruction
a. FExhaust plume of attitude control, maneuver motors
b. Fields of vicew of sensors or scientific instruments
c¢. Antenna

I1. THERMAL ASPECTS

l. Effect of thermal radiation field on vehicle terperature
bud:zet
a. Transients during non-Sun-oriented mode
b Cenduction of heat into vehicle through leads
¢. Power dissipation
d Need for active (or passive) temperature control to

handle above

TIT. FLECTRICAL ASPLCTS

1. Power requirements and profile

2. Harness and connector requirements - framework required,
resistance criteria, thermal criteria, etc.

3. Nature of output from power system - regulation, spikes,
ripple, etc.

4, Nature of transient and switching, power factor, other load
characteristics

5. Possibility o1 clectrical discommection without mechanical

disturbance for test, etc.
6. Output power level with time - allowable performance margin

IvV. ATTITUDE CONTROL
1. Structural characteristics (see above).
2. Limit on misorientation during cruise mode for power.
3. Effect on ability to maneuver - time for acquisition, gas and
power requirement, etc.

V. TELEMETRY AND COMMAND
1. Number and frequency of commands needed to operate system
Example: Battery charging instructions
Startup commands
Solar f{lux control commands
2. Telemetry needed ror operation, comnand, movitoring

4326-Final 1-7




VII.

VIIT.

IX,

TABLE 1-I11
SOME CONSIDERATIONS I[N VEHICLE INTEGRATION OF
A SOLAR~THERMIONIC SYSTEM (contd)

TEST AND CHECKOUT

1. Ability to interchange modules (such as panels) without
damaging mechanical integrity of spacecraft or performance

2. Ability to test after integration with spacecraft

MAGNET1IC DESIGN CRITERIA

1. Magnetic - static and dynamic flux limits, stability
characteristics

2. Location of critical components

RF INTERFERENCE DESIGN CRITERIA
1. Location of critical components
2. Shielding limits

CONTAMINATION
1. Evaporation
2. Contamination from attitude control, terminal propulsion

COMMUNICATION SYSTEM
1. Antenna pattern interference

MISSION AND ENVIRONMENT

. Acceleration

Vibration spectra

Acoustic spectra

$/C roll and pitch profile

. Firing window and period, launch azimuth range

S o o
.
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Figure 1-16 extracts some numbers from the nomographs of
Figures 1-14 and 1-15 as a further illustration of the number of con-
centrators necessary for given missions.

Figures 1-17, 1-18 and 1-19 illustrate the number of concen-
trators required at the Earth's, Mars', and Venus' distance from the
Sun with system efficiencies of 13.5 percent. All of these graphs
illustrate the fact that large power levels would require a large
number of small concentrators; this is obvious but is better appreciated

by examination of the curve.
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2. SYSTEM CONSIDERATIONS
This section discusses several aspects of system reliability and
summarizes system efficiency and weight in a variety of missions and

using different mirror diameters.

2.1 Aspects of System Reliability

Operating cxpericnce with many of the solar-thermionic
system components is limited and only partial estimates of the modes
of failure and associated failure probabilities can be made.

Table 2-1 summarizes several significant system modes of
failure according to component affected, nature of failure, the effect
on system operation, and possible compensation or correction. The
mode of failure can be partial (such as one converter out of several
failing), gradual (such as degradation of the concentrator surface),
or complete (such as total loss of a subsystem).

The items listed in Table 2-1 are general in nature. Specific
failure rates and reliability estimates must depend on further experi-
mental data beyond that presently available.

Figure 2-1 shows a simplified reliability model of the solar-
thermionic system. Six main subsystems are shown, which are concen-
trator, generator support, generator/DC converter, load control,
battery charger and battery, and voltage regulator. Other items in
the system such as sensors, current sensing devices, etc. can be
related to one or more of the six main subsystems. Additional subsys-
tems might be cesium reservoir and solar flux controls. A typical
system reliability calculation is shown which illustrates that, although
the reliability of each subsystem might be high, the combined reliability

of the entire system can be low due to the large number of components.
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During the next few yecars, it is expected that a great deal
of statistical experience will be obtained in the use of storage sys-

tems and electronics which are similar or identical to those which

would be used on a flight solar-thermionic system. For the concen-
trator and generator support, the physical mechanisms will acquire
high reliability through mechanical tests and experiments on similar
devices in space.

The limiting factor in reliability of the solar-thermionic
system is likely to be the generator/DC-DC converter combination. As
discussed in Section 10, redundancy can be incorporated into the
generator/DC-DC converter design by using several DC/DC converters in
conjunction with a number of thermionic diodes, initial power output
would exceed the minimum requirement.

Figure 2-2 illustrates the increased reliability which can
be obtained in the generator-DC/DC converter combination through the
use of spares. Three cases are considered: one diode per DC/DC
converter, two diodes per converter, and three diodes per converter.
Figure 2-2 assumes that 18 diodes are needed to provide the minimum
power output to the remainder of the system. For case 1, where one

diode per converter is used, the system would include 18 DC/DC con-

verters. This number appears excessive, however, large numbers of
DC/DC converters may be needed for reliability purposes.

As shown in Fig. 2-2, the failure rate for the diodes was
assumed to be 2 x lO-_6 over a 10,000-hr life period. The use of these
failure rates assumes that diode failures are random in nature and that
the diode is not operating on the '"initial failure" or 'wearout' part
of the life curve.

The failure rate of the device is the inverse of the mean

time to failure as shown in Eq. 1

1
MITF (mean-time-to-failure)

(F.R.) = (1)

where F.R., = failure rate.
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A failure rate of 2 x 10—6 per hour implies a MTTF of 50,000 hours.
The reliability of a device can be expressed in terms of its MTTF as
shown in Eq. 2.

-t/T
e

R = (2)

where R = '"reliability', i.e., probability that unit will operate for
a period of time, t

t = time

T = MITF

The probability that a unit will operate for a period of time equiva-
lent to the mean time to failure is 0.37.

The curves of Fig. 2-2 were derived using the addition and
binomial laws of probability expressed in Eqs. 3 and 4,

Addition Law

P(A+B) = P(A) + P(B) (3)

where P(A+B) = probability of either (A) or (B) occurring when (A)
and (B) are mutually exclusive.

Binomial Law

_ 1y 5 n=-x
Pro= | JP(1-P) (4)

where Pr = probability‘of x 1ltems out of a group of n items being

successful
P8 = individual probability of success
SRS
lx ! 7 %7 (a-x) "

The addition law is equivalent to stating that the probability of either

zero or onc failure occurring out of eighteen diodes is equal to the

sum of the separate probabilities of zero failures occurring, plus

one failure occurring. The binomial law, expressed in Eq. %4, expresscs

the probability that x number of diodes out of a total group of n diodes

will be operating, given an individual probability of success PS.
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Figure 2-2 indicates that with zero redundancy, i.e., no
cxtra diodes, the probability of an 18 diode generator continuing to
function for 10,000 hours using one DC/DC converter per diode is
0.658, while using three diodes per converter the probability is at
0.694'., Thus, under the assumptions stated, the generator/converter
combination actually becomes less reliable (with no spare diodes)
when too many DC/DC converters are used. A large number of tradeoffs
can be derived using as variables the MITF of diodes, DC/DC converters,
and the degree of redundancy. These tradeoffs can be done by using
Eqs. 3 and 4.

As shown in Fig. 2-2, when 4 diodes are added to the system,
and when two diodes are matched to each DC/DC converter, reliability
of the generator can be ipcreased from 0.686 to 0.99. Using three
diodes per converter, it would take six extra diodes to achieve the
same reliability.

Figure 2-2 is only an example of a large number of tradeoff
analyses in reliability and redundancy which can be made. These
tradeoff analyses, however, are directly dependent on the failure rates
assumed for the thermionic diode and DC/DC converter. At the present
time, thesc failure rates are not known within orders of magnitude
and any conclusions derived at this time would have to be questioned.

Figure 2-3 illustrates the effects of redundancy on sub-
system reliability. The use of redundancy could be considered for use
in the voltage regulator, battery charger, and other modules. 1In
general, the use of redundancy will increase overall reliability when
the failure sensing device and switch are also highly reliable. The
probability of successful operation is illustrated in Fig. 2-3 as a
function of the probability of successful operation of the failure
sensing and switch device. As shown, when failure sensing equipment
has a reliability of one, a twice redundant system can increase the
reliability from 0.9 for onc unit to 0.99 for the combination of units.

However, if the reliability of the failure sensing devices is only 0.5,

4326-Final 2-7



Jd-'d2=° N3HL ‘1=°d 8 °d NIHM ‘3LON

ONILVH3d0 c
ONIHOLIMS 40 ALiINigv80Ydd = 'd

ONILV¥3d0 301A30

ONISN3S 34NTIV4 40 ALINIEVE0Nd = d
NOILVH34O LINN 40 ALNIBVEOHd = 'd JYIHM
€, 2,5

d dg
9 C¢ L 4—le, 2,
* I @ d d dz

=NOILVY3dO IN4SS3DONS 40 ALINiBVEOMd= Y

LINA
lq
N I € |l
321A3a
9NISN3S HOLIMS
3I¥NTIVS g
LINN

ol 60 80 20 90 1)

AN3W33
LNVANNQ3Y 32IM1 ¥04 °d NO
ALIT18VIN3Y ONIHOLIMS ANV
ONISN3S 34N1iv4 40 103443

l 1 1 Il Il |

L0

80

60

ol

iL'IIIIII'I.l-lII.II""‘Il.'I'l



the overall reliability of the twice redundant system drops back to
0.7, thus negating any advanta.cs of reduundancy. No conclusions can
be drawvn {rom this exercise toward solar-therrionic systems at this
time. llowever, it should be noted that ecxamination of redundancy is
insufficient without examination of the mechanisms and devices used
for sensing the failurc of a component and/or switching from one unit
to the next.

The example of Fig. 2-2 used a failure rate for the thermionic
diode which corresponds to a MIIT of 50,000 hours. To demonstrate this
MITF will consume considerable test time. An illustration of this test
time is shown in Fig. 2-4 which shows the percent confidence in the
MITF ficure (prolability that the MITF is correct) as a function of the
total tcst time obtained on the units and the number of failures scen
during the test. The curves correspond to obtaining a MITF figure of
5,000 hours. As shown, if zero failurcs occur during test, a 90 per-
cent confidence can be given to a 5,000-hr MITF if 11,500 hours have
been accumulated cn devices. This could correspond to ten diodes
operating for 1,115 hours each. However, if one failure occurs, the
required test time increascs to 17,500 hours. The above calculations
arc based on use of the w2 squarcd distribution which is a standard
statistical tool described in Ref. 2-1.

To obtain MITF of 50,700 hours, scveral orders of magnitude
more test hours are required; for example, 1,000 diodes instead of

10 diodes should be placed on test.

2.2 System Weight Estimates

An examination was made of the potential system weights in
a variety of missions with a variety of mirror diameters. The results
of the calculations arc shown in Table 2-II. The table is self-

explanatory.
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TA L 2-11

ESTIMATED 83l PERFCRIAN ;. LASAD. L. s (1908)
Mission 1000 n. wmi. “un Syuehronous lLarth Orbiter
Percencage o: Lisht 1IC percent
Distance crom Sun 9 1 AU
Solar lIntensity (w/it") Lov
Concentrator Diameter (LU) 4 5 6 7 5 -1/2
Eiriciency (lercen.)
Collector-Aosorber Efiiciency o4 57 59 ‘1 2.5 G2.D
Cenerator Obscuration a¢ad IK ¥5 90 )O3 it 16,5 Y7
Eiricienc:
Generator hLiiiciency 1 I L 13 1 1o
Power Cowlitioning Liticiency 7 i VA 7.5 71.2 oU
Control Liticiency - - - - - -
System Elcicieacy 7.0C 7.6 7.) & s S0
Power Output ( ‘otts) 114 14 21 415 351 =11
Jeicht (1h)
Concentrator 5.1 8 11.5 15.7 20.5 29
tenerator support 1.2 1.5 ? ; 4 5
senceraior L. 2.3 4.0 y.2 7.1 1u4
'ower Conditioning O & 11 1< 1o 21
Control .i. - - - - - -
System Wt . (1.) 1:.3 20.3 2500 2709 L7.6 h5.4
Svstem Specitic Ju. (li/ ) 121 1.:4.5 Y vl 4.7 7401
5
Systewm tower bensity (/%) 9.y Lu.u 10.1 10, Lu.5 15,5
1 Assurptions: o
1) Cavity .enpercture or 177 C. 5
2) Concewir. or npecitic L. = (.6 1>/tt” assuming Al concentrators.
53) The wost simple systean is assuvned:
a) oStea..-state conditions.
b) No cner,y stora_e
¢) Yo Cs Res or solar :1lux controls
4) weight tor auxiliary ritachrents to wvelicle not included.
5) eight tor instrivrentation not iunclute !l
() Periormance is basc ! 01 recsonalle jui_emen: o1 pertoruence o wilarle
in protoiypes in lyo-¢7, s;siten availubility in luie.

~
1

4326-Final 11




I'A3LEL _"II (‘TOEILJ . ;‘

ESTIIALED SYSTIM PULUCRIANCE PA AMETHRS (1uhd)

Hission Mars Orbiter

Percenta_e ot Light ¢0 percent (o bhir light, 2 Lr dark) worst

Distance :com Sun - 1.7 +U0 cas

solar ince.sity (v/{t7) b i o

Concentratur Diasveter ( t) 4 i 0 AN T DL VN

Liticiency (vereunt)
Collecior-fbsorner 42 47 51 55 58 e
Cenerator Obscuration ani IR 43 Y. 4.0 En 95 .4 J5 5
Gener:ito: 1> 1o 1y l- L | L-
Power Conlitioning / 74 75 70 VAT T Y
Control Jo Y5 Y5 Y0 )5 Yo
SLOolage 34 S 54 54 54 o
Systew (e:cluling ciora e) 4.9 5.7 6.2 v 7 7.3 7.6

solar Theruionic roarce 2 52 z 121 171 251
Power Ou.put (Walls)

Svsten Power Output (watts) 20 36 56 83 117 172

seight (J1)
Concentrator 5.1 & 11.5 15.7 20.5 2,
Cererator support 1.2 2.5 S.7 5.2 5 B
Generator .8 1.6 1.2 1.: 2.4 W
Power Coniitioning 4 405 5 0 7. 11
Control 1 1.2 1. 1.0 2 2.5
Stord. e . 17, 1> 2¢ 40,2 s
System .t (Wo=-S w. a ) 12, 17.2 220 20 7.7 1.3
Solar Thcrmionic .o rce 27 50 250 243 221 200

Stecitic Jt. (ibs: )
Soluar Thermionic Lource,
B Fower Density (w/LtL) 2.3 2.7 2.9 L2 3.4 L6

Assumptions:

1) cavity temperature of 1700 °c. 9

2) Concentrator sSpeciiic .t. = 4 1h/tt” assuming Al concentrators,

3) weight ror auxiliary attacic.ents to vehicle not include!.

4)  Jeight inscrumentatiou lLiclucel.

5) VPeriormaicc is based on reasons’le ju.:cuent
in lyon=-o7, Sysieny availabtility ia 1w,
Batiery i1s Ag-o i asstae D0 percent lepth ot .discharge equivalent to
1g whr/lb.

Lor not

o! protolvpe periormance

6)
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TA L 2-1T (Cor- i.)

ESTIMATED SYSTEL Phy "CiQIAN D vA AT LIRS (126e)

Mission 2. %, tii. Circolar bLarth Crbiter
Percenta. e o Light I ;excent (O35 min. light, o nin. dark) HOLSL
Distarce irom sun 9 L Ay ‘
Solar Inteusity (w/1rt™) 130 o
Concentrator Hiameter (iL) 4 5 4 7 & -1,72
_ 1o I
Erficienc: (Vercent)
Collector=-Avsorier J 54 57 5y -1 £.2.5 6D
Gencra'or Obscuration and IX Y iy 9,3 LR S} 7
Generator 1- 1o e L. 1. L.
Po.er Conditioning o 77 YT 7.0 7.2 Y
Conirol ED) D) vl 90 Yo P
Suori, e 54 24 24 54 54 54
system (e cluding stovra c¢) c L7 7.C l 7.4 L 7.9 8.2 s
solar Il.erwionic source t
Power Quipul (Wot:is) 1y 165 277 ~J5 225 77l
SystenPower Output (watts) o0 ) 127 L1 24 L4
weioht (10)
Concentrator 5.l o 11.> 1.7 20.0 29
Generator support 1.2 1.5 2 o 4 5
Generator 1o 2. 4.0 5.2 7.1 1.7
Power Conditioning v S 11 14 " o1
Control 1.5 | 1.: 2.1 2.5 2.8 .
Storae 7.0 12.7 1y 27 3+ 53
System Wt. Lo A 3.6 L0 5 S0Wh Geuh

—
I~
et
ot
2
(@]
—
—
—
ot
—
<
[
O
o

Solar Thermionic “ource

Specific Wt. (1o(.) ]
Solar Therwionic rourge
Power ensity (w/it”) 5.7 9.4 9, .. 10.5

Assunpt ions:
1) cCavity lemperature o 1700°¢. "
2)  Concentrator specitic #t. = (.4 lo/:t’ assuming £1 concentrators.
3)  Weighl lov ansiliary attaciients to vehicle not ilrclaced.
4y eight lor ilustrumentation not fvelaled.
5)  Pertodiance is saswd oon oresconas Lo jud_erenl ol prototype perioruauce
in 1965-07, uystens Avadlabilivy in Luoe.

| H)  harter. is Ag-Co: asoune o0 percent depth o discharce equivalent
to lu whi/1b.
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TaLLL

211 (Cou:d.)

ESTIMATED SYSIEM P Gl f 0 vAC A T L2 ()63
Mission vernis Grbitel o
Percent . ¢ of Light 0 percent (S hr light, 2 hr lark) worst
case

Distance Lroa Sun "

776 AU

(1 /v.))
Solar Tlermionic sourge
Power Density (w/il")

Specibic wt.

17.9

solar Inteasity (J/YLL) 24,
Concentra.or Diamerer (0t) l ’ ) 0 7 R -1/2
f % ;

Erficienc: (iercent) i |
Collecrov=-Al serier { 53 34 P55 55 56 56
Cenerator Obscuration and IR 4 4705 & Ll 95.3 45,5
Generator Le 1- 1- I 13 1o
Power Conditioning 77 7m0h 7.2 a0 ol o2
Control 35 ) > 95 95 uh
storave 54 54 L4 57 54 04
System (excluding stora.e) .8 7.0 7.3 7,42 7.62 7.65

Solar Tacrniounic Jource 209 40 S04 byy 946 1362
Power Uu put (watis)

Systet. Pove.s Qutput (Yatts) 145 252 344 4745 I 645 UEN

Leight (10) '
Conceutrator Sl ' & 11.5 12.7 20.5 29
Gercrator support 1.4 2 3 | 4 5 8
Generator 2.4 4.2 6 &4 11.5 1n.2
Power Conditioning & 17,0 15 Lo 25 ;2
Control 2 2.0 3 .2 ./ 4
Svstem o, {(wo storas e) 1.y 24.2 5805 ' Vo “7.2
storage Jt. (1H) L 54.5 80.Y 152 204
solar Thermionic .otrce YLD S 7603 7.4 71.5

Assunmpt ions:
L)
2)
3)
4)

5)
h)

Concentrator Sjpecit:c
tor auxiluiary

4

deignt

. P i
L1 1_;',‘ =/ DAVSLCTIS GV

Lo 10 whr/lb.

sJelyrht for instruanen. a:

Ny ey

T
St e

ion

PR . Y
Cavity Temperature of 17007C.

"
G 10/ieT assun

-~

L.

atiocrue s
o

L0 V@l

inclaieo

icle

Pertornance is baseld oy rensoncile juieneat

cilanilicy in Lune.

sattery is Ay-Cr; assune 20 perceat depth or

1

1.0t

Al corce trators.
included.

ng

0. proto!vpe perrormance

Adecharge equivalent

4320 =+ inal




REFERENCES

Section 2

2-1 A. Hald, Statistical Theory with Engincering Applications,
John Wiley and Scas, Inc., N.Y., 1952, Chapter 22

4326-Final 2-15



3. SOLAR CONCENTRATORS

The scolar concentrator is a ke, element in determinin: the
pertormance and weight of tle solar-ciernionic systen. "his section
describes achievements to date in the coucentralor area and consider-

ations in future concentrators.

J.1 Physical Description

Figure .-1 illustrates the conponents of a solar conceutrator
and the elements which rmust be consi.ere! in concentrator .Jdesign.

The three nain subzssemblies are the rerlective skin, the skin support,
and the attachrent frow tle support to siin.

A rellective sliin consists of a thin substrate wmaterial,
such as elcctrotorme! nickel, whicl. supports coatings orf various
types. Stretchlorme:d concenlrators are ma..e in sections which are
Louded together typically Ly epoxy and tape materials,

e shin support is a rigid member usei to hol.d the slin in
place. The support iacludes attachuents for various purposes. The
most popular torm of supjport to late :or ‘one-piece' cencentrators
has been a torus which supports tle else ol the concentra.or. [he
torus-parai:oloid skin combination results in a relatively stiff
nonocoque~type structure.

The attachment f{rom the support to the skin can have a
significant effect on the skin surface qualities. Ideally, the attach-
ment is ol such a nature that no Jistortion is introduced into the
thin skin material. Practicall:, the need rfor withstanding vibration,
acoustic and other environments dictates that a small portion or the
skin is likely to .e .distorted Jue to the bonding of the inter-

connecting web.

432h-Final 3-1
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3.2 Desizn Rationale

The rationale for concentrator Jdesign is illustrated in

Fig. 3-2. The mirror size and geouetry is dictated by:

1. Mission requirements, including power load profile, orbit or
trajectory, etc.

2. lehicle intertace requirements

3. Lbrpected enviroamental etfects

4 The zenerator/cavity dJdesign

5. The electronic power system design

Using these factors, the mirror size and geometry can be
selected. The selection is vsveall. an Ltcrative process which
involves an optimizationor the overall solur-thernionic system.

The details of the concentrator structure can be determined
after mirror sizing. The structure design must withstand the launch
and cruise environment. All ot the vehicle interface problems
discussed in Section 1 must be considered. The gzenerator support
design is an integral part of conceutrator lesign. The design
parameters which offer protlems vary in importance depending on

niirror size. Parameters include:

I. Optical .erformance

II. Nature and Stability ot Reilective Surface

III. Thermal Irotfile

Iv. Structural PRestraints =~ acoustic response, compressive

buckling, vibration response, transportation, etc.

V. Dimensions
VI. ~veight

VII. support Design

2.3 sState of the Art

over Lhe

A variety of solar concentrator structures have been assembled

past several vears using many materials and assembly techniques.

4326-Final 3-3
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These include foam-backe:d, inflated, vapor deposited, stretchformed,
electroformed, and other varieties.

As a general rule, solar-thermionic systems require highly
reflective, highly accurate surfaces which approach a true paravcloid.
No other surface has yet been devised tor achieving the high tempera-
tures necessary for efficient system performance.

The two techniques showing most promise for paraboloid
fabrication have been the electroformed and stretchformed concentrators.
Two sizes of nickel electro.ormed councentrators have been fabricated -
5 ft, 60° rim angle and 9-1/2 ft, 42° rinm angle. The 5 ft nickel
concentrators [abricatel in 1J)v2 exhibited surface accuracies within
a few minutes of arc of a true para,oluoii. Concentrator weights in
the 5-ft size have range.!l frou 0.7 to 1 lbs/sq £t using nickel
electroforned techniques witl aluminum and niciel torus support.

The state of the art for U-1/2 [t nickel concentrators is
still young; two concentrators have been tabricated, the first
weighing 450 lss and the second weighing 90U 1 s.

Five-ft alvminur stretcl forved mirrors to uate have showrn
efficiencies which are less tlan ttose o: the nickel electroformed
concentrators. The 1b per wi't of eierg: into a cavity absorber is
still less than the nic el co. .centrators, howe.e:, and much work
can be accomplished in the stretchforned concentrator arvea. Aluminum
has been used to dJate; other materials are being investigated.

Aluminum. electroforming investigations to date have resulted in
concentrators 30 inches in diameter with a promise ot larger diameters.
The alacinun electroformed material is rather soit and techniques are
being investigated to creale a haruer, more rigid material using
fiber materials.

Figure 3-3 is a photograph of a 5 ft nickel electrotformed
concentrator with a front-mounted torus assembled in 1962. Figure
3-4 is a photograph ol a v-1/2 ft nickel electroformed concentrator

using a rear-nounted torus, assembled in lace 1464, weighing a total
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of 92 1bs. VFigure 3-> is a pictorial sketch of a 5-fL aluminum
stretchformed concentrator showing the torus and eight skin gores.

The results ot solar calorimetric tests performed on the
electroformed nickel and stretclformed aluminum corncentrators are
shown in Fig. 53-6. The calorimetric efficiency is delined as the
ratio of the energy reflected from a cuncentrator and collected by
a cavityv-type cold calorimeter to the energy incident on the concen-
trator as measured by a pvrheliometer. Concentration ratio is the
ratio of the net projected retlective area of the concentrator to
the area of the aperture of the cavity calorimeter. To give an
indication of the quality of the various concentrators, a theoretical
maximum efficiency curve for a pertect concentrator with a specular
reflectivity of 0.91 is shown.

The electroforre! nickel concentrator with the rear-mounted
torus hes slightly lower specular retlectivity as well as less
accurate geometry. [he less accurate geometry appears to be located
over sections of the paraboloid near the rim as determined by an
optical ray trace method of measurerent. It is probable that the
greater error in the mirror surface near the rim can be attributed

to the torus location.

The stretchiorned aluminum concentrator data show less accurate

geometry and lower specular reflectivity than the data from the nickel
concentrators. The errors in the mirror surface geometry are mainly
located where backing strips are usel to join sectors together as
well as in the region where the torus is bonded to the shell. The
lower specular veflectivity can be attributed to the inability of
the epoxy surface improvement coat to cover the grainy surface of
the stretched aluminum.

Tne efficiency of the 9-1/2 ft diameter electroformed
nickel concentrator is below the data for all the other concentrators.
Several reasous Lor the lower values have been determined. Ftirst,

the master had a slightly etched surrace tlus lowering the specular

(98]
1
os
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reflectivity of the concentrator. sSccond, the area near the rim
was found to have a shorter rocal len.tl than the rest of the mirror
thus lowering the overall concentrating ability.

Figure 3-7 sliows tle power per pouand ol concentrator weight
(specific power) that wo.li he availai:le in an absorber combined with

each of the three small concentrators of Fig. ..-». The cold calor-

imeter data of Fig. »-6 have Leen combined with a hypotietical absorber

having an absorptiviiy and eanissivity o: l.0C o ontain these cur.ves.
The 9-1/2 tt diameter conceantrator is not shiown because it was uade
as a check on Lhe master fabrication process and no attenpt was

nmade to minimize the weilht ot tle concentrator.

Figure 3-7 can only be used as an indication of results
to date. The coucentrators are rar from optimized and weight
improvenents will occur.

Data on the dynamic qualities oY the concentrator structure
is sketchy. A nickel-electrotlornied 5-1L coancentrator with rear-
mounted torus was subjectel to the Atlus-Acena vibration spectrum at
a flight acceptance level with no lamage. [lis test .enonstrated
the basic ability of the structure to survive a vibration test. Tle
tests were perlormed at JPL during lMarc!, 1vyb>. Support arms (sec
Fig. %-2) and a simulated generator were mounted on the coucentrator

during the tests.

3.4 Optical Performance Characteristics ol Concentrators

This section details with the optical performance character-
istics of the mirror surface. Surface characteristics and structural

aspects are treated elsewhere. This section includes:

i

The rationale for rim angle selection
. The performance oif an ideal cuncentrator

The effects of surface Jdeviation

S~ owooN

. The efiects oL misorientation
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3.4.1 Optimum Cellector Rim Angle

For a given collector dianeter, various factors

affect the choice of the optimum collector rim angle. These include:

1. Structural integrity of collector shell

2. Total of collector and generator support weight

3. Surface error distribution over collectors of different

rim angles, as a function of rim angle

4 Cavity axial misfocus and radial misalignment effects

5. Subtended angle of the solar source and limb darkening effects
6

Thermal distortion eiftfects

~4

Angular misorientation as a function of time

8. Tr[he effects of rim angle on achievement of uniform heat
distribution within the cavity

9. Structural errors caused by orbiting forces

10, Packaging height

For a perfect collector with perfect focus and
orientation when 100 percent o! the reilectcd energy is focused into
the cavity aperture, the maximum collector-avsorber efficiency occurs
at a 45° rim angle. Based on 6 peiceat onscuration, a retlectance
of 91 percent and a cavity temperature ol 17OOOC, the variation in
total collector-absorber efficiency between a 45° rim angle and a
60° rim angle "perfect'" collector as aboie would be less than one
percent. A qualitative comparison of 450 and 60° rim angle collectors

is given in Table 3-1.
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TAELE -1

COMPARISON OF HIGH AND LOW RIM ANCLE COLLECTORS
TYPIFIED BY 45 AND 60 DEGREE RIM ANGLES

Advantagces

45° Rim Angle

Smaller theoretical imae

Smaller surface area
Low packaging height

Less efficiency loss due to:
Axial misfocus
Rim errors

Easier to achieve uniform temperature
distribution in cavity

4326-Final 3-1%

60° Rim Angle

More rigidity

Less shell weight Lor the same
rigidity

sliorter and lighter generator
support

Less efficiency loss due to:
Randon. errors
Misorientation
Radial misalignment in the

focal plane



T T T

3.4.1.1 Optimization or Efficiency

The optimization oi collector-absorber
etficiency as a function of rim angle is higkly dependent on the
importance given to each ifacior attecting eiticiency. Many factors
which efiect optical errors can only be deternined by experimental
studies ol full scale collectors. However, some first approximations
can be made to determine the importance ol rim angle variation.

ror jeneral background, Fig. 3-8 summarizes
many definitions of terms used in concentrator analysis. These
terms are general and will be used throughout the concentrator
analvsis.,

Figure 3-9 illustrates the effect of rim
angle on the mirror efficiency. Mirror efficiency is plotted as a
function of entrance diameter to the cavity for four different rim
angles. For a perfect concentrators, it is shown that the highest
nirror efficiency can be ohbtained with a 45° rim angle mirror at
the smallest entrance diameter. llowever, the difference between
a 60% and a 45° rim angle mirror is small.

Figure 3-10 illustrates the effect of
angular errors in the mirror surface on collector-absorber efficiency.
Once again, the difference between a 45° and 60° rim angle mirror
is small.

Figure 3-11 sliows the results of a series
of calculations in which the maximum colleclor-absorber efficiency
was calculated for varying cavity temperatures, solar intensities,
misorientations, and rim angles. A perlect mirror surface was
assuned. As shown, nisorientation etlrects on a 60° rim angle mirror
are less than the etfrects on a 45° rim angle mirror. The difference
in effects varies according to the degree of misorientation. For
high efficiency systems, misorientation must be within the + 10-
minute area. Once again, on the basis ol an examination of

, . , , - . .0 o
misorientation, little difference exists between the 45 and 60
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rim angle case. The optimum rim angle will depend on solar intensity,
distance ifrom LLhe sun, cavity temperature and other tfactors.

Figure 5-12 is a summary of the optimization
of the rim angle vs misorientation for a pertect concentrator. As
shown, at the earth's distance from the sun and a cavity of 17OUOC,
the optimum rim angle is between 45° ana 50°.

The results of Fig. 3-12 must be qualified
by the fact that real concentrators will have surface deviation;
this will tend to incrcase the optimum rim angle closer to 60°.

The other qualification is that none of the calculations in Fig. 3-12
have assumed reflection losses from the cavity. Introduction of

reZlection losses will tend to make the optimum rim angle smaller.

2.4.1.2 Optimization of Weight

Ihe eifect of rim angle on system weight
. . O . .
is such that rim angles near 60 are more favorable than rim angles

/(O
near 45 .

Figure 3-13 illustrates a typical optimiza-
tion of collector and generator support weight for a 5 ft and 10 ft
swstea. ,

Assuming that it is desired to maintain
the same resistance through tle generator support arms no matter
what tle length, it can he shown that the weight ot the support
arms 1s proportionl to the square of the length. The length of
the arus is Inverscis proportional to sine &,

On the other hand, shallower dishes have

e . . . .
less surface area per frontal area and a 45  skin will weigh less
0 R .
than a 60 skin for the same system perlormance.

The calculations in ¥Fig. 3-13 illu

w

trate
a typical optimization. Generator support weight will (decrease
radically with an increase in rim angle. Collector weight will
increase gra&ually. the optimum point will occur in the range of

8] .
60% to 707 rim angle.
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FOR CONSTANT RESISTIVITY
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In practice, optimization of the rim angle
should be accomplished by a computer program which takes into account
obscuration, minimum cross section needed for satisfying vibration
criteria, thermal conductivity criteria, and etc. Hand-calculations
of this type are tedious. However, in one case for a 30 ft mirror
it was found the optimum rim angle did occur at about 55° from a

minimunm weight viewpoint.

540103 Selection of Rim Angle

As discusseu above, the differences in
efficiency between a 45 and 6(° rim angle mirror will be snall.
Weight considevations tavor the use of the higher rim angles. Mirrors
with rim angles outside ol the 45 to 60° rim angle boundaries will
bepin to suffer in efficiency.

¥Yinal choice of the rim angle will depend
a great deal on practical considerations and detailed analysis of the
concentrator structure. It is felt at this time that the optimum |

rim angle should be close to 55°.

3.4.,2 Mirror Efficiency

Figure 5-1% is a nomograph of mirror efficiency
vs mirror diameter and cavity aperture diameter. An example of the
nomograph use is shown. VFor the case of a 5 ft mirror and 0.8 inch
cavity entrance diameter, lines A and B form an intersection. Line
C is drawn between the zero point of the graph and the A-B inter-
section to intercept the abscissa at point X. A line parallel to the
ordinate is drawn from point X. The example shows for a cavity
aperture of 0.& inch and a 5-ft mirror with a sigma of 10 ainutes,
mirror eificiency will be auout ¢! percent,

Figure 3-1> siows an assumed surface distortion
vs mirror diameter used in subsequent calculations. The curve for
1964 is based upon julgment regarding what has been demounstrated
to date. The curve lor 1766 is based upon existing technology with

increased experience in fabrication znd handling techniques.
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Figure 3-16 shows a maximum power which
can be directed into a cavity from a given collector diameter assuming
the surface is perfect, the reflectivity is 0.85 and the mirror is at
the earth's distance trom the sun.

Extrapolating from Figs. 3-14 and 3-15,
Table 3-11 shows the mirror efficiency for mirror diameters of 5 f¢t,

7 ft, 8.5 ft and 10 ft assuming a mirror rerlectivity of 0.85 at the
earth's distance from the sun.

At present, two types of computer programs
are available for analysis of concentrator performance. One program
is an optical ray trace prozram with a surface error approximation
used to generate mirror efficiency calculations. This program is
available at Electro-Optical Svstems, Inc., and elsewhere.

A second type of computer program
involving a collector, cavity absorber and absorber heat exchanger
is being developed by the Aerospace Corporation with the assistance
of Dr. George Shrenk. This progyram can haundle entire collector-

absorber configurations and can include the effects of:

1. Colleciors of any size, shape or configuration
2. Orientation errors

3. Sun oi any angular diameter

4. Limb darkening of the sun

5. suriace errors due to thermal distortion

0. Any diameter cavity aperture

7. Absorber surfaces of any confisuration

The aerospace prosram is extremely rigorous
and is based on an assumed normal distribution of surlface errors. More
recent modifications will incorporate the results of actual Hartmann
test data to dJerive the normal distribution. As an example, one case
of misorientation using the collector pro;ram takes about 60 minutes
on an IBM 7094 computer; adequate corrections for limb darkening

might have increased the running time four to ten times. For economical
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TABLE 3-1I1

MIRROR EFFICIENLCY - 1968
m = 0.85

Cavity Entrance Mirror Diameter H =130 W/ft
Diameter 5 ft 7 {t §.5 ft 10 ft
0.5" .56 51 40 30
0.55 62 56 49 42
0.6 66 61 57 53
0.65 71 67 63 60
0.7 75 71 68 65
0.75 77.5 75 72 70
0.8 79 77 75 73.5
0.85 80.5 79 77 76
0.9 &l.5 50 79 77.3
0.95 62 o1 80 79
1.0 83 €l.¢ &1 80
1.1 84 83 52 &l.5
1.2 84.5 8§3.8 83 £2.3
1.3 54.8 84.2 83.5 83
1.4 &5 84 .6 84.1 83.5
1.5 85 85 84.5 84
4326-Final 3-28
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reasons, therefore, parametric studies are more readily done by the
ray trace technique. llowever, it is expected that the Aerospace
program will be developed soon to the point where it is economically
feasible to develop a large number of parametric analyses.

Figures 2-1» and 3-17 illustrate results
from the ray trace computer calculation which shows the effective
solar diameter as a function of tocus shilt from the focal plane
for an €. diamefer concentrator. One case is with no misorientation
and the other case is with 16 minutes misorientation. As shown,

the effects of focal shift can be drastic.

3.4.3 The Nature of Surface Errors

Frequently, for lack oi actual data, random gaussian
error distributions have bLeen use!l to represent collector surrace
errors. The random gaussian distribution does not adequately

represent:

1. Radial errors at the collector rim joint
2. Circumferential errors at any radial joints or ribs
3. Zonal defects of the mirror

In actual practice, it appears that the maximum errors of an electro-
formed mirror are radial at the collector-torus rim joint or due
to zonal defects of the mirror.

For the ray trace program, a tenth order polynomial
error representation was chosen for mathematical and computer program
simplicity. This error distribution concentrates the errors near the
rim and therefore causes a higher efficiency loss, for any standard
deviation error, than an equivalent random jaussian error. The teuth
order polynomial error distribution appears conservative but provides
a good approximation of the actual error distribution for electro-
formed mirrors.

Collector surface errors can be classified as:

microscopic, macroscopic, and long wave. A collector efficiency cannot

be adequately predicted unless each of these surface errors is

432h=-Final 3-23
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considered. Too often one or two of these types of surface errors
are disregarded in the estimation of collector-absorber efficiency.
Table 3-III illustrates several examples, and measurement techniques,
with comments on these three types of surface errors. If the micro-
scopic surface errors are disregarded, the surface reflectance is
often overstated. If surface errors characteristics of macroscopilc
effects on a collector are neglected, the standard deviation of the
collector surface is underestimated.

Microscopic surface errors cause diffuse reflection
which results in a lower efrective suriace reflectance. These errors
can result from optical polishing techniques, telegraphing of substrate
defects, haziness of [ree-cast plastic surfaces such as occurs on
spuncast masters, or micromereorite degradation. Microscopic errors
explain the difference between the expected collector reflectance
(as determined from the reflectance of specially prepared coating
samples) and the actual maximum cold calorimeter efficiency of the
complete mirror.

Macroscopic errors are those which are individually
visible to the unaided eye but which are very small compared with
overall mirror dimensions. They can result from gross polishing
defects, stress concentrations due to baciing structure attachment,
or ripples in the surface of plastic spun cast masters. These errors
may easily escape notice in standard Hartmarn or collimator tests
because they may be small compared with the Hartmann spot of the
beam from the collimator. These macroscopic errors increase the
area of the retlected cone of light whereas the standard Hartmann
test measures the displacement of the reflected cone ceuter from the
theoretical image point. As shown in Figz. 5-18 wmacrosceopic errors
are present when product ab is greater than the product a'b' where a

and b, a' and b' are the minor and major axes of the actual and

theoretical imaces of the reilected light cone on the rfocal plane.

4326-Final 3~3

]



*3u0d Yy3I] PO3IO3TJal

9yl Jo SIXEB 24yl JO sSndoj

ayl £q paanseaw 10117 *3IS33
J0JBWITTOD pueB uUuBWIIBYH

y11m asanseaw 03 Aseqy

2u0o W3IT] poIoaTIaI B/YI I0
STXE® 2] JO Sndo] 9yl ueyl
19Yyiex JI23dWRIpP Y] S3IVITTE
103119 - S1€33 I03EWMTITOD

10 UUBWIIB] paepuBiIS
23BTIURI3IJIP O3 ITNOTITIA

(@douewro3yrad xsjowrIoyed
PI0O WNWIXEBW PUB 3IDUBIIDTTII

ps3oadxo usamiaq 3dU2IIJIP Y3

A11eI3U3H) -adourwiojiad
d1a3awrIIoTeD {q 3d3aoxe
aanseaw 03 3ITNOTIIIA

S JUWWOYH

™

Is3oWIIOTEO ploy
1893 Xo3jeRWTIIION °
1893 uuewlaej]

—~ N

aTeosoadew B
uo §1893 103BWITIOD
10 UUBWIIE] ISTOoRAI ]

JUoWa INSEaW
ssauydnox swma

sjuau

-3INnsSEaW 9OUBIIITIA
3jeINddEe A[3WdI3IXY Y
‘133swiIoed plod 1

[op

anbTuyds] JUSWIANSEI

U0 3103SIP
Tewaay3 ‘sso1ls
{PUIDIUT TENPISaI
SSouUTABM 1973SBUW
‘1101 #3ps jutor

ssaurAbM 117Ul [IABM
jaoys ‘1ooad afueio
sso1? ‘370 aewm
a1n3onajs FuTyoBYg

o feuep

337109 712WOIDTW
‘Gutzeid ‘1oad
a8ue10 9TEOS BUIJ
‘saydieans ‘sya9Is

sayduexy

SYOIYT ADV.IIAS TATIDITITY HOLDATION

I11-¢ dT49vd

aaep JuoT ¢

[3p]

™

I

ordoosoxdey ¢ ™
91d02S0I12Ty  *7

o2dX1

—

o

=

el

=y

Ne

o™

e

NS¢

‘\hlI'\\Lllh-'Llllr|[IIIIIIIIIIPIIL.IIFIIIIII — R Sual --fl|hll.llLll'[lllllllllIlll S— Angun llll_-—lllrlllllrll




F (LONGWAVE ERFROR)

THEORETICAL /’—" FOCAL PLANE

CONE — e S ] ACTUAL CONE
N el Ve

[

|

Ol

A

: NS
] j R
o ( i t
| Ny
- ;o
L -/ /
ay e |
b Co 7 (ab)>(a'B)F MACRUSCURIC
| [ / LS ERRUK)
P PTG /o
INCIDENT, ;. 7/ ./ REFLECTED
CONE! 11/ CONE
i /iy
: Sy
1] . / v/
lI /‘/(///
Wi

O, A,
. 7 \

,’\“‘v’/'/'/'/ \
ol ,///’// ‘- — CIFFUSE REFLECTION
Col Ly F {MICROSCUPIC ERROR)
Ry ol

Flo, =00 COLLZCTOR ROFL iVl SURFAC T IRKRORS




Long wave errors are produced by overall collector
fabrication errors, gross master distortion and residual or environ-
mental strasses. Tlhese errors can be measured readily by Hartmann

or collimator test methods.

3.4.4 Misorientation

As shown in Fig. 3-11, small system misorientation
(on the order of 15 minutes) does not effect mirror efficiency
significantly. The losses are further examined in Figs. 3-19 and
3-20 for several cases of mirror surface error and cavity entrance
diameter,

As discussed in Section 5, the loss of generator
power drops oiff with misorientation much faster than mirror efficiency
losses would indicate. This is due primarily to temperature distri-
bution within the cavity, an efrfect far more serious than mirror

efficiency losses.

3.5 Thermal Effects

Collector-absorber ef{ficiency is affccted by the {following
temperature effects:
1. Ambient temperature changes of the collector and collector
struts
2. Thermal gradient across and through the collecter shell
3. Differential thermal expansion effects between the rigidiz-
ing torus and collector shell
To determine the transit orbital temperatures on the col-
lector a computer program was written to include the following thermal
sources:

l. Solar

[~2

. Earth emission

3. Earth albedo
4. Cavity absorber reradiation
5. Radiator
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For simplicity the collector was divided into five different
areas, one central area and four rim areas 90 degrees apart. Figure
3-21 shows the varicus temperature area locations. The input form
factors for various thermal sources for a 300 mile equatorial orbit
are shown in Figs. 3-22, 3-23) and 3-24. The heat transfer equation
used, together with a summarv of the constants, emissivities, and

absorptivities is given in Table 3-IV. ror the temperature calcula-
tions of the rim positions, the form factors were adjusted to take

into account the variations in incidence angle with respect to all the
thermal sources. Figures 3-25, 3-26, 3-27, and 3-28 show the transient
temperatures of various surface points neglecting thermal conduction
effects. Figure 3-29 shows the central collector temperatures for a
22,000 nautical mile orbit. With thermal condi. t ion between the col-
lecter points the plotted temperatures cre wit (o :3 degrees centigrade
These analyses indicate that the collector shell temperatures will
range {rom -82°C o SV during crbit.

Table 3-V depicts che steady state maximum temperature
wiich mizht be obtained using various combinarions of absorptivity and
emissivity., A back surface emissivity of 0.9 would require a coating
such as chemically deposited platinum black. Tie 0.3 eriissivity value
can easily be achieved by electrofermed nickel. Coatings having an
absorptivity and emissivity of 0.1 can be achieved by spraying chemi-
cally deposited silver on the back of the collecter surface. A mirror
emissivity of 0.02 is probably more realistic than an emissivity of
0.1 for the temperatures at which the collectoer cperates. This change
in emissivity counts for a maximun change of 87 degrees and a minimum
change of 13 degrees.

Table 3-VI ¢iows the difference in o rear-mounted torus and
collector rim temperatures which might be achieved for various cases
of absorptivity and emissivity, nerlecting conduction effects between
the torus and collector shell. Conduction would reduce the AT by less

than 10 percent. This indicates that with a Aighly emissive and
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TABLE 3-IV
TEMPERATURE EoUATTONS, ASSUMPIIONS AND CONSTANTS

Equation

T K, ) N LA o \
d'm = 11 e O N R S O B R L I R D)
—_— —— L b i o s s o8 v

dg Ko

L2

+ T (e o oA [ T ~
H@ (I<r T PQH ' he ' ;{ "nrirn (2)
\ /
+ v 1 {(~y ! 4+ (F ¥ z T 14) +F 4 oo~ (1T - Ta) }
nrorm | a - VT na a dmd "d d m

Assumptions and Constants

P
i

orbit time = 0.00443 hr " and ©.0783;hr/® for 300 and 22.000
360°
nautical miles respectively

K s cpt

c = (0.11 Btuslb*oF
b

o = 46,1 lb/in-ft’

t = 0.,0107 in

-8 0 4 -8 2 -4

S = 0.1713 x 10 Btu/hr-ft<-°R° = 5,672 x 10~ w/m~ (9K)

F = 1.6

ma

€ = = y = = ¥ = = (), 1]

m ms me b Tl i |
\

€ = a =~ = (V}.Q |

b be ‘“br
|

T = T = unknown ot the equation »

m b

T = 09

o)

2
H = 442,7 Btu/hrnftz 130 w/ft”

i

: 2 .2
H‘ = 74.4 Btu/hr.ft == 21.8 w/ft
A = G, 45
‘a = absorber-collector view factor

T, = vo0°

F4 = radiator-collector view factor
(99

. 0

’Id = SO0 R
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absorptive coating between the collector shell rim and torus and low
absorptive and emissive coatings cn the {ront of the collecter shell
and rear of the t-rus, a temperature difference of less than SOC can
be achieved between the ceollecter rim and the collector torus. The
desirability of such a low temperature difference and therefore low
back and front surface emissivities and absorptivities will be shown
in the thermal crror analysis belew.

Estimated thermal maps derived from the collector surface

points are shown in Fig. 3-30 for various orbit pesitions.

Ambient Temperature Effects

Tue total change in the ambient temperatures from the origi-
nal alignment temperature is less than 144°C under any conditions.
Based on a AT of 144°¢ the net change in the focal peint due to the
change in strut length, mirror expansion, and focal length change is
less than 0.05-inch lor a 10-foct mirror. This axial misalignment
would result in an efficiency loss of less than 1/2 percent. Localized
translent temperature differences on the collector shell will produce

even smaller efficiency losses due to the smaller incremental .T.

Collector Shell Tihermal Gradient

Based on a maximum heat rlux of which is appropriately con-
servative, considering the 0.09 absorptivity of the collector for
solar and earth albedo radiation and less for other radiation, a tem-
perature gradient of less than O.O9OC per inch would be produced
through the collecter shell thickness. If the moment resulting from
this temperature gradient is not resisted by a moment at the rim, a
maximum cerror of 0.23 minutes would be produced at the rim. Such a
thermal gradient wonld create a moment of 0.32 1bs/in per lineal inch
at the collector rim. The application of an opposite moment at the
edge of an equivalent sphere (Timoshenko, Ref. 3-1) neglecting cancel-
lation effects of the thermal moment, would reduce the effective col-

lector area by as nmuch as 3 to 4 percent due to gross distortions of
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the rim edge. The fact that a restorative moment cancels the thermal
gradient moment at the edge lowers the distcrticn area considerahlv.
Reference 3-2 describes a rigorous thermal analysis of a 9.75-foot
diameter all-nickel teroidally supported cbllector. flowever, the
results of this analysis are not readily adaptable to other diameter
collectors because they do not scale with diameter. A computer solu-
tion nmust be develeoped. Additional work in the collector thermal
response arca should include a computer analysis using this referenced

WOrk.

Differential Thermal Expansion Effects

Differences between the torus temperature and the integrated
shell temperature will result in a differential thermal expansion
between the shell and torus. Assuming an entirely rigid connection
between these two clements, tnis difference will cause an edge dis-
placement which would result in shell rim distortions. Using

Timoshenko (Ref. 3-1) lor an equivaleut spherical cap, the maximum

area thabt woiild be nffected by a 9 de

grec temperature difference would
result in a less of less than 1./ percent of the collector areca due
to gross distortion. Tais analysis, based on a rigid torus acting on
a spherical cap, is conservative. The edge effects {rom the thermal
gradient and torus-collector thermal expansion are not additive. 1In
practice an arca less than 2 percent of the total area might be
affected by the thermal gradient nd differential thermal expansicn.
An approximate calcenlation of mirror deflection due to heat-
ing by solar radiation is given below:
Assume :
1. TFlat plate approximation
2. Temperature is uniform throughout mirror skin when mirror
is heated uniforaly by sunlight
3. A linear temperature gradient exists through the thickness
of the =«kin
4. Boundary conditions assume a simple support for the cuter

radius and a f{ree inner radius.
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Reference: Newman and Fanay, "Bendine Stresses Die to Temperature in
Hollow Circular Plates, Parc III," Journal of the Aero/
Space Sciences, Vol. 27, No. 12, pp. 951-952, December 1960

per reference; where

2

wh _ r
2 T vl
WTDb b
2
TU = temperature cf the upper face minus temperature of the
lower face
~ = coefficient of linear expansion

Since w is the deflection which varies as r, the induced deflection

angle, = =
2
T b p
. W b [=r
tan = 7 ., N
) b
Tr
) . D
tan ceo = ;
!
This illustrates that deflection is createst at the edge of
the mirror. Assuming that an avernge can be coxpressed.
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av. 2/3a

For nickel: coefficient of expansion

thermal conductivity

<
1l
D
m‘ 2
)

For aluminum: coefficient of expansion

thermal conductivity

Calculation of TD

Sunlight reflected
( G
2, 2
v

Q ) B o A

S mirrer
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H = solar constant

f mirror mirror

vhere
-y, = emissivity of the front surface
‘p = emissivity of the rear surface
\ .
W, = o U, A <
R alrror mivror R

An approximate formula for TD

wiere
= thermal conductivity

A = area

assume unit area

N S }
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o . h EE; ) Qr)
g it
\ ;R"
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Thercfore

2 2 (. - Q)
e
" (1 +=5
- R
o @, - Q)
e ez
(1)
‘R

Assume 0.010-inch nickel skin and a 10-foot mirrer

e, = 0.1, €R = 0.9, (QS - Qr) = (1.15) (O.lﬁ)w/cm2
then
a = 5-foot
o= 0.2375 minute of dcc
av, - = 0.159, minute of arc
L l“_éo:séiia;l‘ <O'LI?L§2;J:2' +0.0008%C
Assume a 0.010-inch aluminum skin, @ = 5-joot, €¢'s are “he same
Soo= 0 (0.1238 min. or arc)
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3.6 Structural Aspects

This scction deals with the design limits imposed on concen-
trator structures by various environmental and material conditions.
The subjects are:

1. Weight
2. Membrane stresses imposed by acceleration along the axis and

the chances of exceeding material yield levels

o

3. Compressive buckling as a function cof axial acceleration

4. Lateral acceleration effects
5. Shock
6. Acoustical vibration

7. The effects of ecarth tests

3.6.1 Concentrator Weight

The weight of the concentrator is composed of the
skin, torus support, attachments, tcrus-skin webbing and other com-
ponents depicted in Fig. 3-1. The specific weight of the concentrator
is usually expressed in terns of total pounds per feotl of frental
surface area.

The weizat of the cencentrator is shown in Fig. 3-31
as a function of specific weight and diameter. Also shown are cxamp les
of the weight of concentrators fabricated to date.

The state of the art in solar concentrators is limited.
Very little optimization o: concentrator skin or support has occurred.
It is anticipated that specific weignts ot 0.5 to 0.3 1b/fwet2 can be
achieved depending on fabrication technique. The structural analysis
presented in this text coniirms that no inherent structural limit

exists which prevents low specific weights. Tae primary obstacle is

cr

— T " L l‘l'

the need to improve manufacturing techniques and tue ability to form

lightweight, accurate structures.
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3.6.2 Membrane Stresscs

This section examines the membrane stresses in the

skin due to axial leadinc. Assume the fellowing model

|

where q is the unit area shell load:

and qq and q_ the meridianal and norual components:

n
ql = g sin
q = - ces
n 4

- . . T e T T e

and Rl and R, the meridianal and hoop radii:
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2f
R =
1 3
cos
i
R, = -
2 cos
i The acceleration in g's is denoted by n.
From Novoshilov (Ref. 3-5) for a parabolic shell the
F meridianal and hoop forces per lincal inch T1 and T, are:
I T . 2qf T 1 n 1 B
1 3 2 1 + cos 4
cos A
l 2
r 1 cos” o
T = -~wqf 1 - 1 +—=
I 2 . 3 1l +cos = 3
The meridianal and hoop stresses are respectively:
P :
~ = L
1 ¢
' T
N
‘ 72 t
or
2 A , 1 B
71 % 3 ogfn I
1 3 2 1 + cos
cos !
' o) ~ 2 ~ il
-2 _ _cos
%y 7oy osin 2 - TS
l Theretore at the apex, - = 0, these stresses arc: (for nickel)
, L, 2
Cl(O) = 52(0) = un 1h/in
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For a spherical shell covering the same area and

having the same height the meridianal and hoop stresses are:

_ - 1
- Ten Ry 1 + cos
c, = -ogn R (cos 7 ————l-—?
2 © o) 1 + cos 2

Figure 3-32 shows the summary of membrane stresses
for the parabolic shell and the spherical approximation for 3 from
0 to 30 degreces, where © is the angle between the collector axis and
radius of curvature. This figure shows that the spherical approxima-
tion to the parabelic shell is a fairly good approximation and can be
used without significant crrov. The relatively low stresses per g
indicate that the tensile stresses will be less than 570 1b/sq in.
for a maximum 10g axial acceleration given in the environmental speci-
fications. However, since the collector shell has a high radius of
curvature to thickness vatio a careful investigaiion of compressive

buckling stresses is required.

3.6.3 Conpressive Buckling Stress

In considering the buckling of the collector subjected
to an acceleration during launch along the axis of revolution, it will
be assumed that a oneg acceleration is equivalent to an external pres-

sure given by the following,

2
p = 1lgot = 0.32t 1b/in” (for Ni)

The buckling pressure c¢f a complete spherical shell

under external pressure is given by the following equation,

2
D 1~
= = E =
Pcl 5 R
3(1-27) / 2
R N
where R is the radius of the sphere; R = 2f{1 + — 5
' 1667
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In practice structures never can withstand the

theoretical buckling pressure. Therefore the fraction

P
P

cr

= 'critical buckling factor"

has been used to represent the experimental cr predicted buckling
pressure where p is the ewperimental buckling pressure. There is

wide scatter in the experimental buckling pressures of spherical and
hemispherical shells. In the range of R/t frem 500 teo 2000, the range
of p/PCl is from 0.10 to 0.33. Ar an R/t of approximately 85,000
tests on the Echo I spherical ballecon gave values of p/PCl ranging
from 0.12 to 0.18 (Ref. 3-6).

I{ c¢ne censiders e collector to be a shallow shell,
more experimental and theoretical results are available. [he shallow
shell approximation is violated by the collector, but the information
is useful for pointing out trends in the cxperimental data.

For a shallcw spherical =hell,

b <
- 1

For the 600 collector,

L= 0.29
where b = the radius of the shell (2.5 feet for a 5-fcot collector).
The only case of a shallow spherical cap subjected
to external pressure that has reccived much attenticn is the case of
clamped cdges. For this case the buckling pressure is a complicated

function of a paramcier * defined as follous,

1/4

93

2 1
o= [-2(1-%“)

al
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which 1is

for the collector.

All of the shallow shell data reported is for % less
than 30. Tor valiies of ~ greater than 20 the experimental data gives
p,/pCl rangine from 0.20 to 0.70, with the higher values given by the
mere carefully manufactared chells.

As corroborated by br. Babcock, the best theoretical

analysis now available is luang's (Ref. 3-7) which gives the following,

= : Ao Y
p/pCl 0.86 for large .

This analysis and related experiments are for the case of clamped
edges. The ceffect of other boundary conditions is unknown, but one
would expect this effect to be less in the high Y range as conpared
to the low \ range.

With the scarcity of theoretical and experimental
data available, any prediction of the buckling pressure is somewhat
in question. To more accurately predict this pressure, experimental
data in the range of parameters corresponding to the collector are
necessary.

The larze scatter in the buckling pressures obtained
from experimental studies can largely be traced to geometric irregu-
larities. In genecral, it can be said that the better the shell the
higher the buckling pressure. Frum this consideration, one would
expect the buckling pressurc for the electroformed collector to be
quite high. This is borne out by the fact that the data for complete
spherical shells, which are hard to manufacture, show low buckling
pressures. However, shallow spherical shells with ratios of radius
te thickness up to 4,000 show high buckling pressures compared to the
classical pressure, 0.60 < p/pCl < 0.836, if the shell is carcfully

manufactured, (Ref. 3-8).
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Assuming the buckling pressure is given by p/p 1 = 1/3,
c
which is a logical compromise between the data of Refs. 3-6 and 3-8,

the required thickness would be,

- 2
B l = _ E(E = 350t
P 3 Pel 5 e
3.5 (L-57)
£ = 9.5 x 10~ inches for a (1 deoree rim angle, nickel skin

= 10.7 x l()_3 inches for a 55 degree rim angle nickel skin
Figure 3-33 shows the number of g's a collector shell
of thickness t will withstand before buckling for the design p/pCl
ratio and the p/pCl ratios suggested by the work in Refs. 3-6 and 3-8.
Ancther consideration in the buckling problem is the question of what
constitutes failure of the ccllector.
To assess the structural integrity of the collector,
it is neccessary to establish a criterion for failure. It is clear
that cither of the fellowing condicions would constitute local failure:
1. Exceedin: the yield stress such that the surface is perma-
nently distorted
2. Buckling to the extent that snap-back does not occur
It a sufficient portion of the mirror area is affected by these con-
ditions, to the extent that performance suffers significantly, the
mirror may be considered to have failed. The first task of the struc-
tural analysis, then, is to assure that the material yield stress is
never exceeded under any unforesceable conditions. This can be accom-
plished rather readily for static conditions. Yielding under dynamic
conditions is more difficult teo determine. It depends on amplification
of the vibration under resonance conditions and is strongly dependent

on vibration mode shapes, natural [requencies, and damping of the

structure, and on the characteristics of the vibration spectrum.
b

4326-Final 3-04



SS0

€00’

I I T A A

200

NN R A (A

UI*SSINMIIHL

ONITMONG  3AISSIHAINOD €04 13A3T b XYW



B Summms s aaaas s

Most of the available theory and data on buckling is
concerned with determining the stresses or pressures at which buckling
begins. However, this does not necessarily represent a good criterion
for structural failure. If the local yield stress is never greatly
exceeded, and if the buckled area snaps back after the buckling stress
is removed, there is no reason to consider that the structure has
failed. Experience has becn that considerable local buckling of thin
concentrator structures can occur under vibration and shock conditions
without resulting in any permancnt damage to the surface. Unfortunately,
little work has been done to determine the extent to which buckling can
occur without resulting in permanent degradation of optical properties.
At the present rate of development, it is not believed feasible to
attack this problem analytically. Some cxperimental investigation

will be required for specific configurations of interest.

3.0.4 TLateral Acceleration Effects

In the membrane analysis of the collector shell sub-
jected to uniform transverse or lateral acceleration, the analysis is
simplified by assuming that the collector is a spherical cap having
the same base diameter and height as the parabolic shell. The shell
diagram in Fig. 3-32 depicts the nomenclature used for the lateral

accecleration analysis below.
The unit load vector q is q = q 1X = sgnt 1 . The
X
load magnitude is ngnt and 1 1is the unit vector in the x direction.

Therefore, the meridianal hoop and normal loads arc:

-3 —

9 T o q = cos5 cosd
-— g R

q, = °, q = -q sin}
- hand . .

., = ¢, q = q sin” cos?

Using the notation of Novozhilov, Ref. 3-5

= cos? where - cos”™
44 4,1 s® wh 9,7 4 S
9, = q2,l sin® where 9.1 T o-q
q, = 9,1 cos? where 9,1 = q sin®
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Figure 3-34 shows the membranc stresses as a function
of 2 plotted from the above equations. Hoop and meridianal stresses
arc of the same order of magnitude as in axial loading and have opposite
signs at the same position. Therefore, compressive buckling will not

be a problem.

3.6.5 Vibration
The vibration characteristics of this structure will

be dominated by the torus mounting since the collector shell and torus
are rigidly joined. To better understand the analytical complexities
of this problem, the structural frequency response will be broken into
three parts:

1. Shell

2, Torus

3. Shell and torus

5.6.5.1 Shell Frequencies

At least four possible edge mountings will
determine the lowest natural frequency, fn’ of the shell. These result
from the two alternate methods of supporting the collector in both the
launch and orbit phases. These variations and the lowest fundamental
nodal responsc are:

1. Eight-point torus support during launch (four nodal diameters)
2. Continuous torus stpport durinz launch (one nodal circle)
3. Tripod support during orbit (three nodal diameters)
4. Quadrapod support during orbit (two nodal diamcters)
An example of the fundamental responses for these r‘requencies is shown
in Table 3-V. The fundamental frequcncies for Cases 1, 7, and 4 were

calculated from the fpllowing equation from Reissnmer (Ref. 5-v):

_ _1/2
. 7 o]
o= 5 b 4(1-u) (- Dn
t 2aRT 12:(1-5%) -
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where
n = number of nodal diameters
= Poisson's ratio
~ = density
R = c¢ollector radius
E = modulus of elasticity

The frequencies derived for Cases 1, 3, and 4 are 18, 17, and 8 per-
cent higher than the corresponding frequencies derived from a flat
platc of similar diameter and thickness.

Nomographs coverin,; parabolic shells sup-
ported as in Cascs 3 and 4 are given by Lin and Lee (Ref. 3-10).

These results are also included for comparison in Table 3-VII. The
paraboloidal frequency for Case 3 may be in error as much as 50 per-
cent since the referenced nomograph was extrapolatced to obtain this
value. Since the values are close to thosc evaluated for the spherical
cap, the spherical cap approximation appcars valid.

In each of the above cases the fundamental
frequency is determined largely by the cnergy stored by inextensional
bending. Therefore, trequency is dependent on the shell thickness and
almost independent of shell curvaturc.

The fundamental frequency derived for Case 2
is high becausc the majority of the vibration enersy is storcd in
stretching the shell. As can be seen in Table 3-VII, the lowest natural
frequency for Case 2 is highly dependent on the approximation used.
Naghdi (Ref. 3-11) shows that the lowest natural frequency for a thin

shell hemisphere is

0.87 E

Therefore, for a hemisphere having the same rim radius as the collcc-
tor the natural frequency would be 438 cycles per second; with the

same radius of curvature as the average spherical radius of curvature,

the natural frequency would be 237 cycles per second.
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The following equation from Reissner (Ref.

3-12) approximates the natural frequency for clamped thin spherical

shells:
2.98 E r . 12 ﬁl/z
a T Tox El) 5 1+ (14+2)70.9 = 0.2(14)] —l-é- j
<" R” (1-:7) - t-

where h is the collector sagitta.

However, at high h/t ratios this equation
may be in error as much as +18 percent as demonstrated by Hoppmann
(Ref. 3-13). The calculated frequency of 384 cycles per second is,
as one would expect, between the two {requencies calculated for
various hemispherical radii above. Based on the questionable assump-
tion of a completely clamped ecdge, and on the scatter of answers from
the analytical solutions for a clamped edge, the natural frequencies

calculated for this case may be in error by a factor of 2.

ro

Torus
The natural frequencies of the torus, fn,r’
Table 3-VIII were derived assuming that the torus is a complete (ircular
ring whose radius is large with respect to ring thickuness in the radial
direction (Ref. 3-14). TFor the four types of mounting described in
Cases 1 through 4 in Subsection 3.0.5, the extensional and flexural
vibrations, both in the plane and normal to the planc of the torus
ring, have been calculated. The flexural vibrations are applicable
only to Cases 1, 3, and 4. The cquations used to derive frequencies
are based on Harris and Crede (Ref. 3-14). Extcnsional frequencies
are derived from the equation:
1 Efrr4 2
fn = oz ;TEE (I+n™)
T

where m is the torus mass per lincal inch, R the collector radius

and r the torus cross sectional radius.
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TABLE 3-VIIL
TORUS NATURAL FREQUENCIES fn " FOR VARIOUS SUPPORTS
b
FOR A 10-FT MIRROR

Case Torus Support Mode Frequency in cps

1 8 4. L 516

4. = 520

2 Continuous Extensional 2160

3 3 3N 1 267

3 = 273

4 4 2% L 93

2= 97

NOTES

. . . -3 2,..2
Assumed a torus weight of 25 1b; .- m_ = 0.57 x 10 1b + sec™/in

~

. wavelencths, flexural vibration

L perpendicular to torus planec

in torus plane

b e T

4326-Final 3-73




Flexural frequencies in the planc of the

torus ring are derived from:

7

1 E1r u"(nz-l)2
/

aer+ (n2+l)

The flexural frequencics normal to the plane of the ring are derived

from:

2 2
1 Ezr4 n“(nz-l)h

-r
P

£ =

=]
(RS}

4 2
erR (n™+1+)

3.40.5.3 Torus=Shell

At present, there is only limited published
information on the empirical determination of natural frequencies of
toroidally rigidized solar collectors (Refs. 3-15 and 3-1t). This
work was done on 5-foot diamcter mirrors. Although JPL is performing
experimental work in this area and although they are developing a com-
puter program which can determine natural frequencics of any parabo-
loidal shell-torus combinatioun, no simple analytical means are yet
available for the calculation of the torus~collector shell natural
frequency. Therefore, the determination of this frequency will be
based on simplifying assumptions. First, assume that the torus will
store all the vibrational energy. Next, a portion of the mass of
the collector shell and a part of the shell stiffness will be added
to the torus. Experimental work at JPL indicates that approximately
52 percent of the shell mass should be lumped to the torus. If one
assunes that the shell stiffness is between 0 and 1 times the torus
stiffness, the resultant combined resonant frequency will be from 1
to /2 times the torus frequencies with lumped masses. A summary of
the combined shecll-torus frequencies for the four cases described

above can be calculated from the following cquation
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where fn is the shell-torus or collector natural frequency, m is
c
3
the torus mass, m_ the shell mass, Dr the torus rigidity, and D the
s s

shell rigidity.

3.6.6 Vibration Effects

The structural response to vibration effects is
dependent on the structural dampening, which determines the resonance

amplification factor, Aro

where C is the dampening coefficient, Ccr’ the critical dampening
coefficient, and | the dissipation factor. Structural dampening is
a function of both the air dampening, Ca’ and material dampening, Cmo
If the collector is approximated by a square plate with the
same thickness as that of the collector and with a length and width
equal to the collector diameter, the ailr dampening can be determined
by either of two equations. When %% <1 (where w is the frequency in
radians/sccond, a the length and width, and ¢ the velocity of sound)
or f < 12 c¢ps, the Jdampening on both sides of the plate is as follows

(Ref. 3-17)

C .-
= 0,036 — —

c o

cr "m
where Cn and " ALCs respectively, the speed of sound and density of
the plate material. For air dampening on both sides of a nickel shell
the air amplification factor A . = 400, However, due to the high
b .

diameter to thickness ratio, the amplification factor should be further

reduced because of dampening due to inphase air acccleration. This

reduction is not ecasily determined.
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U
When E% >3 or £ > 36 cps, the dampening is dctermined as
follows:
C 2
- )
= = 0 — & L (Ref. 3-17)
cr ‘m Tm t”

where t is the shell thickness and D the collector diameter. Ar,a
for this casc = 0.00025. The wide amplification variations above
36 cps and below 12 cps are due in part to the -xclusion of inphase
air acceleration dampenins. Tests should be made to verify these
formulae for large R/t ratios.
Mechanical dampening depends on such factors as:
1. Material
a. Composition, structure and homogecneity
b. Stress and temperaturc history
2. Internal stress
a. Initial stress
b. Changes caused by stress in temperature history
3. Stress conditions in usec
a. Type, i.c¢., tension, compression
b. State of stress, i.e., triaxial and biaxial
c. Stress magnitude
d. Stress variations
e. Environmental characteristics
For most materials, the amplification factor ranges between 6 and 1000.
Since nickel is a magnetic material with high internal friction, a
material dampening amplification factor, Ar of 100 appears conserva-

. 3
tive. A total amplification factor then is calculated as follows:

1
reli +
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Therefore, for frequencies less than 12 c¢ps, the combined amplification
factor is much less than 80; [or frequencies greateor than 36 cps, the
amplification is much less than one. The amplification factor for
vacuum is 100.

The resonant stress, Cr, is given by o = - P Ar X n

r lg
is the one "g'" stress and n the number of g

IS

where, Slg
Tal.le >- IX 1lists the resonant stresses and ratio of yield
stress to resonant stress for the four cases of torus mounting in
launch and orbit when applied to a 30-foot mirror. In Casec 1, the
8-point torus suspension durinz launch, extremely high resonant stresses
arc calculate¢’!. Reduction of these stresses can be achieved by the
following mcans:
1. Tapering the torus to equalize torus stresscs
2. Increcasing the torus moment of inertia
3. Designing for friction dampening between the torus and
radiator
4. TFriction dampening between the radiator mounts and torus
brackets

5. Empirically determining the actual dampening of the torus=-

shell combination

To achicve a safety factor of greater than 1.0, a 40-fold
increase in dampening would be required.

Case 2, the continuously supported torus, cxhibits extremely
low air damped resonant stress. More complete analyses are required
to determine whether resonant stresses may be a problem under partial
vacuum conditions toward the final boost phases. The torus resonant
stresses for the tripod orbit support are high.

The natural frequency for the quadrapod support, Casec &4,

is lower than the environmental specification and no stress problems

ot

should therefore be encountered from orbital vibration.
Since the vibration response is highly dependent on dampening
coefficients, natural frequencies, and mounting details, additional

empirical studies of the detailed design are nccessary.
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By using vibration isolators for the torus support
during launch the amplification at the natural rescnant frequency can
be reduced by at least a factor of two.

The vibration analysis indicates that a continuously
supported torus is the preferred design during launch, and that a
quadrapod supported torus is preferred during orbit.

The effects of dynamic loading on compressive buck-
ling have not and cannot be readily determined from available analytical

or empirical studics.

3.6.7 Shock

A typical critical shock specification is the 35g
shock loading by either a 10 millisecond triangular pulse, an 8 milli-
second half sinc wave pulse, or a rectangular pulse of 5 milliscconds.
Table 3-X summarizes the results of this launch shock on the criti-
cal compenents tor Cases L and 2. It the natural period ¢i the element
in question is greater than the shock pericd, the displacement of the
element governs the ultimate stress. If the period of the clement is
less than the shock period the acceleration governs.

For the continucusly mounted torus the maximum shell
stress would be < 2,100 pounds. 1In this case the high shell dampening
will prevent any resonance amplification and limit the maximum g to

35 or less.

TABLE 3-X
SIIOCK SUMMARY, 10 FEET MIRROR

Natural

Torus Pericd Maximum Acceleration Maximum Stresses
Support Secends Deternmined by psi
Coentinuous 0.001  Acceleration - 35¢ Shell 2,100
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3.6.8 Acoustical Noise

The effect of the 148 db acoustical noise field of the
Saturn must be studied both f{rom the standpoint of static buckling
and dynamic stress. .

The sound préssure level of 148 db Re 0.0002 microbar is
equivalent to an rms pulsating pressure of 0.07 lb/inz. From Olson,
Ref. 3-18, the net radiation pressure (assuming the shell is an

infinite wall) from acoustical noise striking the shell from one side

is given by the followinyg relationship:

b = o0k
oc
where
P, = the net radiation pressure
y = the ratio of the specific heat of air at c(onstant pres-
sure to the specific licat at constant voelume = 1.4
p = the pulsating acoustical noise pressure
= the air density
¢ = the velecity of somnd in air

Therefore at a 148 db acoustical ncise level the net radiation pres-
sure is 6 x 10_4 psi which is an order of magnitude less than the
critical buckling pressure for the shell. Since the acoustical noise
level will be approximately constant on both sides of the ccollector
shell, there will effectively be no net radiaticn pressure. Therefore,
from a static standpoint no buckling should occur.

For a flat plate the mean square stress value is given by

the following cquation from Ref. 3-17:

o
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(o)n = mean square stress value
K14 = proportionality constant
cm = velocity of sound in material
a = minimum plate or shell width
E = modulus of elasticity aRE
t = plate, shell thickness
s - L
el
cr
@p(wn) = pressure function of natural frequency, un, and

. ‘ I3
acoustical noise level

Some experimental data is available on the stresses arising
from a 148 db acoustic noise pressure level on aluminum flat and
curved plates (Ref. 3-19). The stress in a similar nickel plate can
be inferred by dividing the stress equation for nickel by that of

aluminum, thereby cancelling K

-~ y
14 and ,p(Ln) so that

- . aZ 2 t3 2
(32) _ (;)2 m,ni ni al "al “al
n,ni ““n,al ¢ 2 2 3
m,al a

al ni ni “ni

For the nickel shell 2 is determined from the air dampening
equations in Subsection 3.6. In the case of the clamped shell, where
the natural frequency is above 36 cps, I is 2 k 103. For an aluminum
plate of these dimensions the ratio of structural and air dampening
to critical dampening ¥ is less than 0.01. A summary of constants

used follows.
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Nickel Aluminum (Ref. 3-19)

Item Units (Ni) (A1)
(5)i 152/ in® 25,000

. 5 5
c in./sec 1.9 x 10 1.97 x 10
a in. 360 9.36
E psi 30 x 106 10 x 106
£ in. 0.0107 0.032
z - 2 x 10° ~ 1072

.

Therefore, the nickel shell stress due to a 148 db acoustical noise
level will be less than 230 psi. Even if the air dampening factor of
the collector shell were in error by a factor of 200 to 300, the
fatigue strength of nickel would not be exceeded.

In the proposed design, additional resistance to stress
fatigue is provided by the curvature of the shell and tihe predominantly
tensile loading provided by the launch acceleration. The improvement
in resistance to acoustical failure as a function of shell curvature
and static pressure, equivalent to static acceleration, on the concave
side of curved plates is also discussed in Ref. 3-19.

From the experimental data of Ref. 3-19 the edge mounting
design is very important. Therefore design details which increase
friction dampening and which reduce localized edge stresses, will

reduce any edge effects of acoustical noise.

3.6.9 Thermal Effects

The all-nickel collector structure has a high resist-
ance to thermal stress and thermal shock. At no time will the tempera-
ture over the entire collector vary by more than 120°c. Based on a
thermal expansion coefficient of 7.3 x 10—6 and a modulus of elasticity

of 30 x 106, for nickel, the maximum possible thermal stress even
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assuming a completely rigid torus would be of 44,400 psi which gives
a safety factor of greater than 1.5 relative to a 70,000 psi yield
strength.

Tlie resistance of this structure to thermal shock
will be high. While no standard thermal shock resistance test exists,
good thermal shock resistance appears to be a function of the ratio
Ks/~E, where K is the thermal conducticity, s the tensile strength,
~ the linear coeflicient of thermal expansion, and E the modulus of
clasticity. This ratio shows that thermal shock resistance is favored
by high tensile strength, hirh thermal conductivity, Jow modulus of
elasticity at failure and low thermal expansion. Based on comparative
values of the above coefficients, for comparable structures and thermal
variations nickel has a thermal shock resistance comparable to that
of aluminum.

No structural degradation is therefore expected from

either thermal stress or shock.

3.7 Concentrator Coatings

The nature of the reflective qualities of the mirror will
be determined by:
1. Substrate
2. Undercoating
3. Reflective layer
4. Overcoating

Figure 3-35 illustrates the reflective propertiecs of silver,
aluminum, and aluminum with a Si0 overcoat, coated on glass, as a
function of wavelength.

For solar radiation, the maximum reflectance measured to
date has been 94 percent and 89 percent for vacuum-coated silver and
aluminum.

Tn some cases it may be necessary to use a coating between
the substrate and the reflective layer for one of the following

reasons:
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1. To improve adhesion of the reflective layer
2. To prevent diffusion of the reflective layer into the sub-
strate or vice versa.
Depending on the substrate and rcflective layer, one or both of these
functions often can be satisfied by a vacuum depesited layer of a
dielectric such as silicon monoxide or cerium dioxide.

Only two pure metals, aluminum and silver, have reflectances
high enough for solar concentrators. It is also possible to obtain
high reflectance using nultilaver interference filters of alternating
and metallic and dielectric materials. IHowever, the art of applying
these coatings to large arca curved surfaces has nct been developed.
Therefore, they will not be considered further.

Aluminum. Vacuum deposited aluminum on an optically smooth
substrate has a reflectance of approximately 89 percent for the total
solar spectrum. Aluminum is a chemically durable material. TImmediately
after exposurc to the atmosphere a thin, transparent layer ¢f aluminum
oxide forms on the surface that prevents further oxidation. Aluminum
is rather soft and easily abraded and may require some protective

overcoating if extensive ground handling or cleaning is anticipated.

Silver. Silver can be deposited either by vacuum deposition
or by chemical reduction. The latter approach is used as an integral
part of the process of fabricating electroformed nickel concentrators.
Either type cof silver has an average reflectance of 93 percent or more
for the tctal solar spectrum. Silver tarnishes when exposed to certain
chemical contaminants such as sulfides and nwust be protected during
ground storage. HNowever, if adequately protecied, the reflectance of
silver can be maintained at a high level indefinitely, thus offering
a worthwhile performance advantage over aluminum for scolar concentrator
applications. his protection is relatively simple and can take one

of the following {orms:

4326-Final 3-85



1. Storage in a clean atmosphere (clean air, nitrogen, argon,
etc.) in a plastic bag or box

2. Coating with a plastic surface layer that would be removed
prior to launch

3. Coating with a sublimating plastic layer that would evaporate
in space after deployment

Chemically-deposited silver is much more durable than vacuum-
deposited silver. It has been found that vacuum-deposited overcoatings
do not satisfactorily protect silver against corrosion. Furthermore,
they lower the reflectance to the extent that the advantages of silver
are lost.

In many cases it may be desirable to protect aluminum reflect-
ing layers with a transparent overcoating of a dielectric such as
silicon oxide of 5i0,. Several oxides of silicon have been investi-
gated. SiZO3 appears to give the best optical properties. The primary
purpose of such a coating is to prevent damage of the reflective layer
prior to launch by providing a hard, durable surface that can be easily
cleaned. Some chemical protection will also be cbtained from the over-
coating. The real necessity for such a cecating is problematical, since
a reasonable degree of care in handling the mirror should obviate the
necessity for cleaning between fabrication and launch. Protection
afforded by a silicon-oxide overcoating in space has not been determined.
However, preliminary experiments have shown that such a coating might
provide some protection against degrading effects.

A second type of dielectric overcecating is obtained by anodiz-
ing the aluminum reflecting layer to form a thicker aluminum-oxide coat-
ing. This technique was developed by the grcup under Dr. Hass at Fort
Belvoir and has been further developed at Boeing. When properly formed,
such a layer can provide protection and optical properties comparable to
those of the silicon-oxide coatings. Goodyear is experimenting with a
proprietary coating that can be put on aluminized Mylar to increase the
infrared emittance for temperature control purposes. The composition

of this coating is not known.
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3.7.1 Solar Intensity

Figure 3-36 illustrates the solar intensity typically
encountered on a Mars and Venus mission as a function of time.
Table 3-XI summarizes the solar intensitv at various

locations.

TABLE 3-XI
PLANET DISTANCES

Solar
Distance ‘AU) Intensity (L/ftz)
Min Max Min Max
Earth 0.983AU 1.017AU0 125.5 134.5
Lunar 0.98 1.02 125 135.2
Venus 0.718 0.723 245 252
Mars 1.42 1.67 46.5 64.5

3.7.2 Reflective Surface Degradation

As discussed in Appendix A, it is difficult to pre-
dict the effects of the space environment cn reflective surfaces with
the limited experimental evidence available. Figure 3-37 shows a
medel used for reflection degradation in system calculations which
appears reasonable. It was assumed that UV and proton damage accounted
for 8 percent degradation in a vear's time at Earth. The degradation
at Mars and Venus varies as the inverse square law.

Meteoroid degradaticin of 2 percent was assumed for each
orbiting conditions (300 nautical mile) mctvgtoid. The (lux density
profile will vary as the distance from the earth and sun vary. A
relative metecroid density profile is shown for typical Venus and Mars
mission based on calculations performed by JPL (Ref. Fig. 3-38). As
shown, meteoroid flux away from gravity centers such as the earth is

expected to be small.
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3.8 Collector-Absorber Efficiency

The collector-absorber efficiency of the concentrator-
generator combination is a function of many parameters. Given below
is a general expression for collector-absorber efficiency which

involves various parameters of the concentrator and cavity.

1 - Pabsorbed by cavity =T F -F - o T: Ac
c-a Pon mirror w4 r H + =x Di
4
where
Fa = fraction of flux which enters the cavity which is reflected
back out the entrance
Fr = fraction of flux emitted by surface which escapes from the
entrance
ﬂm = mirror efficiency (r = 1.0)
r = mirror reflectivity
TC = temperature of cavity walls
H = solar constant
e = surface area of cavity interior
Dm = diameter of mirror
€ = effective emissivity of cavity walls
F = € . P = el .
a 1-(l-e)(1-9) ° T 1-(1-e)(1-6)
where
== emissivity of interior surface
6 = average view angle of interior surface towards cavity
entrance
UR:‘*AC. (A)+B:\3K;‘A+B
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where

Ao = cavity opcning area
dC = diameter of entrance to cavity
A = constant
= constant

The collector-absorber efficiency is strongly affected by
the parameters Fa and Fr which are a function of cavity geometry and
interior emissivity. Rough calculations in the past have assumed that
the cavity operates as a blackbody with Fa equal to 1 and Fr equal to
the ratio of entrance area to cavity surface area. As shown later in
the text, this approximation can lead to very optimistic results with
regard to reflection losses.

The most serious problem lies in the term Fa; i.e., signifi-
cant losses result from direct reflection out of the cavity entrance.

The expressions for Fa and Fr are given in terms of the
emissivity of the interior surface and the average view angle of the
gencrator surface toward the cavity entrance. This view angle is
generally given in the literature as a function of the ratio cavity
opening area to surface area of the cavity interior and several con-
stants assuming diffuse reflection from the surface. The constants
generally depend'on the nature of the cavity gecometry. For a hemi-
spherical cavity, the view angle 6 is equal to the ratio of cavity
opening area to interior surface area of the hemisphere.

Typical cavity shapes are shown in Fig. 3-39. Shown are the
cylinder, cdne, hemisphcre, sphere, and double cone. For the geome-
tries of interest, the hemisphere demonstrates the most losses and the
double cone configuration demonstrates the least loss.

A comparison of cavity shapes is shown in Table 3-XII. Given
is the ratio of cavity opening area to cavity interior suriace area as
a function of geometrical parametcrs. In gencral, the ratio of cavity
opening to cavity surface area should be small. In this respect, the
comparison of the sphere and double cone in Table 3-XII illustrates

the superiority of the double cone.
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TABLE 3-XII
COMPARISON OF ARTIFICIAL BLACKBODY SHAPES

Ao/ac Ao/Ac - (Ao/A Sphere)
2B Double * % Double
Q Sphere Cvlinder Cone Cone Cylinder Cone Cone
1 0.500 0.250 0.415 0.175 -0.250 -0.085 -0.325
2 0.200 0.167 0.309 0.094 -0.033 -+0.109 -0.106
3 0.100 0.125 0.241  0.059 +0.025 +0.141 -0.041
4 0.059 0.100 0.195 0,041 +0.041 +0.136 -0.018
5 0.039 0.083 0.164 0.030 +0.044 +0.125 -0.009
6 0.016 0.056 0.111 0.015 +0. 040 +0.095 -0.001
*

Comparison of shapes with sphere

Figure 3-40 compares the ceffective emissivity of the cylinder
cavity with that of the double cone cavity.

Figure 3-41 illustrates numerical calculations which were
performed on several cavity shapes to determine the average view angle,
6. As shown, the sphere, cylinder, and cone all demonstrate view
angles which fall in a narrow bandwidth as a function of opening area
to the interior surface arca. The hemisphere demonstrates an unfavor-
able average view angle. Figure 3-42 illustrates the factor Fa as a
function of cavity surface emissivity and average view angle. As shown,
Fa is a strong function of 6. Figure 3-43 illustrates the factor Fr as
a function of surface ecmissivity and view angle ¢J. As shown in Fig. 3-42,
low cavity emissivities can result in a low Fa which will dramatically
decrease collector-absorber efficiencies. 1In general, with the type of
cavities and generator structures used in high-efficiency systems, the
cavity wall emissivity should be as close to 1.0 as possible to decrease

reflection losses.
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The optimum cavity entrance diameter is a strong function of
cavity emissivity. This is shown in the cxample of Fig. 3-44.

Figure 3-44 illustrates the importance of reflection losses
from the cavity. Collector-absorber efficiency is dramatically reduced
at the optimum entrance diameter. Also, the optimum entrance diameter
is smaller than would be obtained using a blackbody approximation.
While specific conclusions depend on concentrator characteristics, it
appears that good cavity design would demand surface emissivities
greater than 0,6,

A matter of great concern to the cavity designer is the
equalization bf temperatures within the cavity. The magnitude of the
problem is illustrated in Fig. 3-45 which shows the distribution of
incoming solar flux on the rear of several cavity shapes; flat, spheri-
cal and conical. As shown, the distribution is a strong function of
concentrator rim angle. For rim angles of 60 degreces, the flux
intensity at the center of the flat plate is eight times the flux
intensity at the flat plate edge. This situation is much better using
a 45 degree rim angle concentrator. TFlux distributicn is uniform on
a hemisphere. For a cone, the {lux is maximum at the cone apex and
minimum at the edges of the cone.

The distribution shown in Fig. 3-45 can be misleading with
regards to temperature distribution if within the cavity. Reflection
and reradiation from cavity walls is a principle mechanism for tempera-
ture equalization.

The effect of cavity shape on the redistribution of energy
witihhin the cavity is illustrated in Fig. 3-46. Fcr the calculations
of Fig. 3-46, it was assumed that the cavity was divided inte twe
symmetrical parts. One half would receive a different amount <f in-
comine solar flux than the other halt. Assuming that each half cof the
cavity had the same view ancle towards the entrance and the same cmis-

sivity, the redistribuiion in cnergy was calculated and 1is shown in
J 3y
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Fig. 3-46 as a fraction of possible ditference in heat ahsorption; i.c
assuming that the dilfercnce in heat abscrpticn is cone, what fraction
of this difference remains after redistribution of cnergy within the
cavity. '

Figure 3-46 shows that the redistribution cof energy is a
function of the view angle % and surface emissivity. For small view
angles, and a surface cmissivity of 0.6, the fraction of difference
in heat absorption will be 0.4 of the original difference in heat
absorption. Figure 3-46 shows that low surface emissivities are
desirable from a temperaturc distribution viewpoint.: in contrast to
the desire for high surface emissivities for high cavity efficiency.

A series of calculations were performed, using a computer
program sct upoon the IBM 1620 machine, to determine the maximum
collector-absorber efficiencies obtainable at earth, Mars and Venus.
for different size concentrators, different reflectivities and varying
cavity temperaturcs. Figures 3-4.) and %-48 arc typical results from
the calculation.

" Calculations assumed a constant interior surface area, a
constant surface emissivity of 0.6, and a mirror efficiency table
given in Subsection 3.1 of this report.

Also, it was assumed that 6 was equal to the ratio of cavity
entrance area to interior surface area. This approximation is adequate
for ball park answers but must be refined in detailed system design.

Figure 3-47 illustrates the effect of cavity temperature on
maximum collector-absorber efficiency. The entrance diameter was
varied for each cavity temperaturc and the optimum entrance diameter
was selected by the computer for each temperature. Collector-absorber
efficiency is shown as a function of mirror reflectivity and diameter.
The efficiency obtainable with a 10-foot mirror is higher than can be
obtained with a 5-foot mirror; this is primarily due to the decreased
importance of the reradiation loss as a percent of the incoming radia-

tion to the cavity.
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Figure 3-48 shows the collector-absorber efficiency at Venus,
Mars, and earth for a cavity temperature of 1700°C and a mirror reflec-
tivity of 0.8. As shown, the efficiency at Mars drops considerably
bascd on the assumptions of computer program. It should be pointed
out, however, that the mirror efficiency used in the computer calcula-
ticn was pessimistic with regards to Mars in that the cffects of the
decreased sun's imagc diameter were not taken into account.

However, the trend in collector-absorber e{ficicncy shown in
Fig. 3-48 will remain the same; i.e., mirror-absorber efficiencies at
Mars will generally be less than those at earth and at Venus efficien-
cies will be higher. This change is due to the fact that while the
incoming radiation to the cavity changes, the reradiation remnains
constant. The importance of cavity design is once again illustrated.

Several important conclusions can be drawn from the preceding
discussion:

1. Cavity design is extremely important in determining collector-
absorber efficiency. Blackbody approximations will not give
a true picture of cavity losscs,

2. The double coned and/or spherical cavity appear best from a
loss viewpoint. However, this is primarily due to the
increase of surface area compared to cavity opening arca.

A tradeoff analysis must be made between gencrator losses and
reradiation and reflection losses to determine the best cavity
shape.

3. Distribution of energy within the cavity can be more equalized
with low cavity emissivities. This is in contrast to the nced
for high emissivities for high cavity efficiencies.

4., Even though the surface quality of larger mirrors 1s gener-
ally poorer than the smaller mirrors, the effects of reflec-
tivity losses from the cavity entrance far overshadow the
slight increase in mirror efficiency obtained by the smaller
mirrors. It would appear that larger mirror systems can be
more efficient than smaller mirror systems.

5. Because of cavity design, solar-thermionic system efficiencies

will probably be higher at Venus than at Mars.
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4. SYSTEM STRUCTURE AND MECHANTSMS
The elements of the systems structure can be defined as follows:

1. Support arms for the generator

2. Electrical and mechanical connections for the support arms
at the generator and mirror ends

3. Vehicle adapters - a rigid or deplovable structure which
holds the solar-thermionic system to the vehicle aud locates
it in the proper position during the unfolding sequence

4. Electrical leads to the system electronics from the generator
support

5. Launch support structurcs such as dampers, pylons for holding
the generator, etc.

All of these items contribute to system weight. Design details
depend significantly on the adaptation of the system to the vehicle;
for example, the location cof the electrunics, field of view limita-
tions, etc.

This section is primarily concerned with the tradeoffs t- be con-
sidered in the design of generator support structure. The generator
support design is a critical item in solar-thermionic svstem design.
The choice of the support arm cenfiguration and the methods of inte-
grating into the system will depend on:

1. Vibration characteristics of the structure
2. Packaging and deployment possibilities
3. Effect on system design

The design of the arms should represent an optimum tradeoff between
the following factors:

1. Minimization of heat conducted to clectrical components
2. Obscuration of the concentrator

3. Power losses in the leads due to high resistance
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. Ability to accurately place the generator without movement
due to thermal gradients
5. Mininun weight
6. Ability to hold instrumentatiocn, leads, etc.
7. Elimination of magnetic field

From a systems viewpoint, perhaps the most serious problem is the
conductivity of heat down the relatively thick leads to the DC/DC cen-
verterc. Temperatures above SOOC at the DC/DC converter will result in
lewer efficiencies and reliabilitvy 30°C is desirable. For larger
concentraters, on the crder of 10 ft, minimum first-mode resonant
frequency requireunents .av result i rather thick arss and linit
tradeoff possibilities.

The choice of materials was examined and it was found that beryl-
lium was probably the best material from a tradeoff viewpoint for the
generator support arms; however, furtaer examination is warranted into
the joining techniques for beryllium structures.

Two sets of generator support arms for a 5-foot concentrator have
been assembled in prototype flight form. The first concept consisted
of a three-arm generator support in which one of the members was tele-
scoping and hinged at each end so that the suppert arm structure could
be folded duriﬁg launch. The two rigid arms served as current conduc-
tors. This concept is illustrated in Fig. 4-1. Generator support
arms consisted of riveted aluminum truss structures with the following
characteristics:

Weight (three-arms) - 3 1lbs

Obscuration - 3 percent

IR efficiency ~ 0.5 percent

Minimum resonant frequencv ~ 1,000 cps

A second set of arms for a 5-foot concentrator was assembled in

1964 and is shown in Fig. 4-2. The structure holds the generator

¢

rigidly in place and consists of six arms cach of which consists of
twe coaxial tubes. All of the arms carry electrical current. The six
arms arec formed in groups of two to create an equivalent three-armed

structure.
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The arms are made of aluminum and exhibited the following charac-
teristics:

Weight - 1.3 1bs

Obscuration =- 3 percent

IR loss - about 1 percent

The structure shown in Fig. 4-2 was subjected to tle Atlas-Centaur
flight acceptance vibration tests in March, 1965; no :lesradation or
failure was observed. Amplification of the acceleration forces imparted
to the generator was on the order of 3 to 5.

The structures shown in Figs. 4-1 and 4-2 illustrate the state of
the art in generator support structures. A great deal of worl remains in
this area to result in an optinum system and to understand the design
limitations imposed by the ;enerator structure. Empirical and analytical
data of a variety of types is required prior to final design of a system.
Many of the items required for an investigation are discussed in this

section.

4.1 Rationale for Generator Support Design

Figures %-3 and 4-4 illustrate tlie factors in consideration of
the generator support design. As shown in Fig. #-3, vehicle constraints
and concentrator/system constraints of many kinds must be considered in
the initial generator support confijuration study. The configuration
study leads intc the optimization and material selection for the arms.

A more detailed program is shown in Fig. 4-% which involves the
generator support arms design after vehicle constraints are considered.

ilost of the factors to be considered in jenerator support cesign are listed.

4.2 Design for Nonmagnetic Characteristics

An important requirement of a solar-thermionic system structure
is to minimize magnetic fields and magnetic field variation. This is due
to the desire for minimization of interference with magnetometer or other
field measurements, and to avoid problern: areas in attitude control intro-
duced by magnetic torque. This can be accomplished most successfully with
a coaxial arrangement for the senerator support where two opposing currents
create magnetic fields which cancel each other as illustrated in Fig. 4-5.

The net magnetic field with the coaxial arranuement will be a
function of the difterences in current between inner and outer tubes,
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The magnitude of this field is illustrated in Fic. 4-5.  For example,
at a distance of 1 meter from the generator support arn (perpendicular

te tiie axis) a current difference of 1 amp will result in a magnetic

field of 200 gama (hased on the infinitely long tube approximation).
Differences in the current between the inner and outer tube
will exist no matter how carefully the tubes are matched. This dif-
ference will result {rom differences in temperature and therefore
dififerent resistiviiies, ditferences in the materials used, effects
on resistivity at temperatnre for longs periods of time, surface effects,
ctc. Therefore, in a tube carryving 100 anmps, a 1 per ent differcnce
in current between the inner to outer tube would result in a one
amp difference in current. Tae specificaticn Lor the Mariner pancel
was 3 gamma at 3 feet. Therefore, the seriousness of the magnetic
field problem and the importance of careful matching of the tubes is
well illustrated.
The coaxial tube arrangement represents a distributed elec-
trical network shown in Fig. .4-5. There exists the self-inductance of
the tube, the mutual inductance between tubes, and the capacity between

tubes along with the clectrical resistance. The anciat of enervy stored

within this distributed network is fairly lcw. Wien @ sudden chav - of
current in the tube occurs, for example, durin: a temporarsy wmiscrienta-
tion, this eneryy will be discharred to the DC/DC converter. A detailed
investigation must be made of the energy witiin the distribution netwerk,
the cffect of discharging this energy into the low impedance DC/DC con-
verter, and the maximum changes in current which can be tolerated as a
result. '

Another specificatien which is pertinent te the pewer system
used on space vehicles is the chanre in magnetic field which can be
expected as a function of time. Thus, laryer chanves can saturate the
magnetometer. This is ancther reascn why the currvent f{rom the rencrator
must be carefully centrclled to be constant. Small but fast variations
in gencrator current may create magnetic rield disturbances which are

detrimental to magnetometer operation.
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4.3

arm as it

Generator Support Length

Figure 4-0 illustrates the length of the generator support

varies with the mirror diameter and concentrator rim angle.

Exact length will depend on generator diameter and end attachments to

the generator support arm. Figure 4-6 can be considered as a good

approximation.

4.4

Typical Unfolding Schenmes

There are many generatcer support configurations and unfold-

ing mechanisms which can be conceived. Some of these are illustrated

in this text and include:

1.

o

e
.

4326-Final

Rigid support arms illustrated in Fig. 4-2. The number of
arms can vary according to design optimization but will be

in the range of 2 to 6. The system in Fi. 4=2 shows six
support arms grouped in pairs to form a three-arm support.

In the investigation no particular advantage was found going
beyond the three-armed structure; the aid in vibration
characteristics is not werth the cost and obscuration of the
concentrater. Two-armed and cnec-armed rijid generator sup-
ports introduce vibration problems.

A second concept is that of a three-lev-ed venerator suppert
with folding arms illustrated in ¥igs., --1 and 3-7. The
folding could be in one ar , as shown, with Lin,;es on all three
arms. The unfolding sequence implies an actuateor and areater
reliability problems. Because of the difficulty of naintuin-
ing electrical continuity, the bLest approach might be to have
the electrical leads in tle two rigid supports and the instru-
mentation on the unfclding meumber.

Figure 4-8 illustrates a two-leg;ed unfolding svstem where
the arms are bhinged at the mirror torus. The mininum length
of the arms is defined by the seometry of the system as
shown. For a QSO rim angle mirror, the generator entrance

would be located about at the edge of the mirror when folded.

4-10
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For a 60° rim angle, nmirror, the generator would necessarily
be folded in a position between the center and edge of the
mirrer. For this reason, a 45% rim angle mirrcr might be
advantageous from a structural viewpcint when using the
two-legged gencrator support approacih. One problem with

the two-legged approach is the greater difficult. in accurate
location of the cavity entrance after unfolding.

Figure 4-9 illustrates a one-arm genecrater support which is
unfolded and rotated into positicn. Accuracy and folding
problems are similar to the twe-armed approach.

Figure 4-10 illustrates a "'bucket handle" approach which is
unique in that the generator support arms position the con-
centrater with regards to the generateor instead of vice
versa. The bucket handle approach has several interesting
pessibilities: first, the optimization of the generatoer
support arms no longer depends on tradeoffs between thermal
conductivity and resistivity. Secon’, packaging arran.e-ents
appear scmevhat meore {lewible. Tt shonld ne noted, however,
that the problem of the leads te the DO/DC converter remains
the same, i.e., the leads must minimize the temperature of
the DC/DC converter while decreasing the losses. LDecause
obscuration is no longer a factor in the tradeoff in lead
design, it appears possible to decrecase overall system losses
in the leads.

Advantages between rigid and unfolded schemes cannot be

determined until detailed designs'are made. Rigid support arms are

difficult

to package but offer fewer problems where the shroud may be

significantly larger than the vehicle. Any unfolding scheme introduces

a reliability consideration and increases the possibility c¢f mislocat-

ing

&
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4.5

Material Considerations

An investigation was made of various materials which were

relatively light in weight and appeared suitable for use in the gener-

ator support configuration. Table 4-I summarizes the properties of

these materials as derived from a variety of handbooks, manufacturer's

information, etc.

The selection of materials depends on a large number of fac-

tors. Several of these are discussed below.

1.

Tuernal Conductivity

Thermal conductivicv should be small to minimize heat ilow
dowvm the support Aluminum, beryllium, and beryllium alleys
all exhibit about the same degree of thermal conductivityv,
Titanium, "ovever, has a relatively small thermal conductivity.
Vibration Characteristics

The vibration characteristics of the generator suppert will
be determined by the EI factor and the density of the arms.
EI should be high and density shculd be low. Bervllium and
De-Al are supiricr co otlier saterials in L.is characreristic
Electrical Resistirite

Resistivity should be low co decrease electrical lesses.
Aluminum, berwllium, magnesium and variaus alloys exhibit
low resistivicy. Titaniun, however, exhibits very high
electrical resistivity and {or this reason the use of titan-
ium will introduce prohibitive electrical lesses.
Coefficient of Expansion

Coefflicient < thermal expansion should be low to minimize
the chance ¢l mislocation of the generator. Furthermore,
the change in cceflicler: with temperature should be minirnum

in crder to allow 1dequate prediction ¢t ar location.

4326-Final 4-17
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Workabilitcy

It is likely that an coptimum generator support structure
will invelve shapes and sizes which are not standaczd. Tae
selected material should have the ability to be werked into
variocus shapes using thin skin materials. Beryllium has
difficulty in this respect. The beryllium alloys (Be-Al)
are highly superior to bervllium in this respect.

Joining Properties

Reliable bonds and joints must be made with the generator
support material with low resistance losses.

Vapor Pressure

The end of the ceneraor suppori nearoest the senerator s
likely to becore quite het. The vaver pressure of the mate-
rial will rise and it is important t- ce:ect a material
which will nct deposit relatively thick coatings on the con-
ceatrator. TFigure 4-11 shows the vapor pressure of various
materials which can be considered for use. As shown, mag-
nesium is probably out of the question for use in a geuerator
support structure. Peryllium and aluminum exhibit nuch
hisher vapor pressures than titanium. As a rule of thumb,
ot 10-12 ™ ercury vapor pressure, about 0.001 cm of wate-
rial will leave tlee surface every thousand hours. The use
of beryllium and alu:inw , therefore, has te be carctfully
exanined in order tou deter: ine the efiect of this evapora-
tion on uirrvr characteristics. liovever, a preliminary
examination indicated that tie concentrator would receive

a total layer of about 102 ancstroms per 1C,000 hours.

This interierence coating would probably not significantly
affect reflectivitv.

Recrvstallization

All raterials are sulject to recrystallization phencriena at

high temperatures. For exarplc, aluminum and wagnesiur have

4326-Final 4-19



73615844

VAPOR PRESSURE , mm Hg

| l [ | | |
Be , Al ]
Cu Fe
10—
-7
10 —
| I T N N YAV AN/
200 400 600 800 1000
T, °C

FIC, 4=11 VAPOR PRESSURL OF VARIOUS

MATERTALS

1200



recrystallization temperaturces ranging from 350° to 500°C.
The effect of recrystallization depends intimatecly on the
strain in the support structure, the temperature and related
phenomena. Effects could include a change in tihermal con-
ductivityv, a change in electrical resistivity, and other
extreme conditions exceeding the yield point of the material.

9. C(Changes with Temperature
All matcerials will change with temperature. One particular
area of interest is the change of material yield point with
temperature and time. Tubes, for example, are made by cold
working in many cases. Cold working effects will be largely
eliminated in areas which arc held at high temperatures for
a long period of time. For example, the ductile fracture
characteristics of a material could change to brittle frac-
ture characteristics. This is another area which bears
investigation before final selection of a material.

10. Melting Point and Eutectics
The melting point of several materials of interest is close
to the expected temperature of one end of the generator
support. Aluminum, f{or example, melts at approxinmately
650°C. I there exists any danger of a "'hot spot" on the
generator suppoert, materials used clese to their melting
point region should nct be considered. Another coensideration
is the eutectic melting point of materials. For example,

beryllium-aluninum allevs have a ecutectic melting peint of

o
640°C.
L.6 Taermal Expansion Effects
O . - .
For a S5-focet concentrater and a2 60 rim angle, a coefficient
. : =6 .
of linear expansion of 20 x 10 inches/inch/degree C, averaged cver

the entire length of the generator support arm, assuming a linear dis-
. . . ‘ - e ©
tribution of temperature from 600  to 100 C over the generator support

arm would result in a displacement ci C.l. inch.

£326-Final L=21



The example above illustrates the importance of thermal
expansion considerations. The thermal cxpansion calculations can never
be entremely accurate due to the inaccuracies of known thermal conduc-
tivity of material as a function of temperatnure, chances for recrystal-
lization and other phenomena effecting thermal conductivityv, the tem-
perature distribution down the support arms, ti.e temperature profile
in the support arms, etc.

An examination of the materials indicates that titanium
exhibits the least expansion of the materials considered. Beryllium
has a recasonable expansion of about 16 x 10-6.

The 0.14%-inch displacement can be tclerated as this will
mean approximately less than 1 percent loss in mirror efficiency.

The real danger lies in a accumulation of errors in the concentrator
structure, support structure, and thermal characteristics such that
the expansion becomes three to four times this amount. Tien decreases

in efficiency on the order of 5 to 10 percent could be expected.

4.7 Thermal Cenductivity Effects

The temperature of the lew voltage DC/DC converters is con-
sidered to be a serious problem in system efficiency and reliability.
Temperatures of less than 50°C are desired. The temperature of the
DC/DC converter will be deterained by the amount of heat conducted
inte it by the generator suppert leads and the internal heat generated.

An examinaticn was made of the expected temperatures along
the generator suppert arms and the amount of heat that would be flowing
down the arm into the DC/DC converter. Calculations involved the
solution of differential equations in a rather complex program that will
not be described here.

Calculations were concerned only with the generator suppeort
arm from the generator to the edge of the mirror. It should be recog-
nized that additional eclectrical loss and cooling will occur in the
elecirical leads from the edge of the mirrer to the DC/DC converter.

The inclusion of this consideraticen is left for a more detailed study.

o~
]

o

N
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Figure 4-12 illustrates the results of some of the analysis
Shown is the temperature at the end of the support arm versus a sup-

. 4-12, The use of the curve

port parameter which is defined in Fig
is self-explanatory. I the tempecrature at the gencrator is known,
(say GOOOC), and a given temperature at the mirror end is desired

(say GOOC), then the ratio of TO/TL can be found (iovr this example,

2.6). From this, the value ¢f the support parameter XT can be found
and, knowing the characteristics of the support arm, the ratio of
radiating surface per unit length to the c¢ross sectional area can be
found. For thin-walled tubes, this is equivalent to f{inding the
thickness of the wall needed to satisfy the end temperature conditions.
As _ L

(AC _t)

In a similar manner, calculations were performed to determine
the amount of heat flowing into the strut as a [unction of heat param-
eter shown in Fig. 4-13. An examination of tuis fizure indicates that
the amount of heat f{lowing into support arms with reasonable wall
thicknesses is not excessive.

The mechanism by which thermal conductivity and the tempera-
ture of the genecrator ends are introduced in the optimization analysis
is illustrated in Tigs. &4-14 and 4-15.

Figure &4-14 shews the temperature at the end of the generator
support as a function of tube wall thickness. A coaxial arm was
assumed where cach tube had the same creoss sectional area and the entire
structure behaved similar te a single tube witi twice the cross scce-
tional area of the outer tube. As showvm, the wall thickness of titan-
ium can be much oreater than that of valuninum to naintain rhe same
temperature o1 tae generatcer sappert end.  Fer a 5-foot mirrer, under

1

the given conditimns, it appears pessible to e . he thickness of
(6
0.025 inches te maintai. an end temperature ot H07C.
After selection of tho ond temperaturve (nay (o ), optimiza-

tion of the gencracor support dimensions can be made. 7Tie parameter

which varics is the diameter of the cuter tube As the diamecter of

£326-Final 4-23
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the outer tube increases, the resistivity will o down and the cbscura-
tion will go up. Tais is illustrated in Fig. 4-15.

Figure 4-15 shows taat the optimum diameter of the generator
support arm will vary significantly with the change in desired tem-
perature of the generat-r suppcrt. TFor TL = IOOOC, the maximum com-
bined obscuraticn and clectrical loss eificiencies are 95.5 percent,
while for a TL of 60%, combined efficiencies are 94 percent.

The results in Fio. 4-15 weuld cnange wich a change in zen-
crator support emissivityv., With a decrease in emissivity by one-half,
the wall thickness would be halved. Tais would mean an increase in
electrical losses and an optimum diameter support which would be
larger in diameter and wculd result in lower combined efficiency.

The use of a differcvat number of legs other than three would
not affect the optimizaticn results significantly. However, for a
large number of legs, wall thicknesses would become too small to be
practical.

The calculaticns in Tig. 4-15 are based on 1 250-watt gen-
erator cperating in a 5-foot system. It was assumed that the carrent
output was 60 amps and the voltage output was 4.2 voelts. Lewer volt-
ages and nigher current would result in decreased generator support
efficiency and the optimum support diameter which would become larger.

Figure 4-15 assumed the use of aluminum. Since the thermal
conductivity and electrical resistivity of beryllium is quite similar,
the results would be roughly the same for the use of bervllium.

Figures 4-16 and 4-17 show the same type of tradeoff opti-
mization for 10-foot concentrater. It would be noted that the gener-
ator support cfficiency can be nigher with a 10-foot concentrator.

In Fig. 4-17, a 1000-wact jenerator was assumed operating at 120 amp
cutput.

The optimizaticn of the generator support dimensions from a
generator support efficiency viewpoint will not result in the optinum

dimensions from a system viewpoint. The lowest 1b/KW for the system

4326~-Final 4-27
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will occur using a smaller cuter support diameter that results in a
"less than-optimum' generator support efficiency.

The illustrations in Figs. 4-14 through 4-17 show the complex-
ity of the optimization problem in the generator support area. A large
number of variables is involved, each of which can drastically affect
the results. It is recommended that design limits be established with
the use of a computer program. The generator support is as critical a
component to the system as a generator or concentrator and must be care-

fully analyzed.

4.8 Vibration Considerations

Vibration of the ienerator support must be considered in the
launch mode and cruise mode. For the folding systems, the problem dur-
ing launch is that of resonance induced into the generator suppcrt which
is fixed at each end. The fixation can be adequately represented by a
beam held at each end by pin joints. For nonfolding structures, the
vibration analysis is much more complex. An analysis was made of the
three-legged and four-legyed seuerator support structure in terms of
resonant frequencies which would be expected.

The limits on resonant frequency are rather indefinite and
depend on specific vehicle design and the accompanying guidance and con-
trol system. For example, the llariner 64 panels were limited in frequency
response during cruise to a bandwidth of 0.5 to 5 cps. The lower limit
was based on attitude control system interaction and the upper limit on
resonance considerations during the midcourse maneuver. The objective
during launch was to obtain as high a first mode resonance as possible;
for the Mariner panel this was about 14 cps. A minimum first moce reso-
nance of 35 cps was used on the Ranger panel in order to avoid resonant

coupling to the vehicle structure.

4.8.1 Launch Vibration Mode

Figure 4-18 illustrates typical transverse vibration of
the generator support arm in the launch mode assuming that the arm is
clamped at one end and hinged on the other. Only "first mode' resonance

is treated here. Figure 4-18 assumes the use of beryllium with an outer
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support diameter of 1 inch. As shown, fer a 5-foot mirror a l-inch
support diameter with reasonable wall thicknesses will result in relative
high first mode resonances. However, for 1C-foot mirrors, the momer.t of
inertia of the arms nust be an order of magnitude higher. This can be
shown by examination of the equation for first rode rescnance in Fig. 4-18.

Figure %-19 shows the mouent of inertia for a thin-walled
cylinder as a function of wall tliickness and outer support diameter. As
shown, the same moment of inertia can be obtained with different wall
thiclnesses and diameters; hewever, the moment cof inertia is a strong
function of the support diameter. For the examples in this text, the
coaxial configuration is assurned to behave as a single tube; i.e., the
inner and outer tubes behave as a single tube with twice the thickness of
the outer tube. This is reasonable if the cocaxial tubes are attached by
means of insulators.

Figure 4-20 illustrates the minimum outer diameter of
the support arm required for a minimum first mode rescnance during launch
of 35 cps. As illustrated, the minimum outer diameter is a function of
the square of the length of the arm and btecomes relatively thick for a
10-foot concentrator. Also, the minimum diameter is a strong function of
the ratio of density to elastic modulus. Beryllium is far superior to
other materials in this respect. The use of aluminum, for example, would
increase the minimum diameter by a factor of 2.5.

Figure 4-21 illustrates the minimum weight of the gen-
erator arm required for a minimum resonance of 35 cps during launch. The
weight is a direct function of wall thickness and the cube of the length.
Once again, beryllium far outstrips the use of cther naterials with

regard to minimum generatcr suppoert weight.

4.8,2 Vibration of the Solar-Thermionic Generator and
Generator Support in the Deploved Position

The generatcr-strut arrangement present in a solar-
thermionic system may be described structurally by means of the theory
of frames.

All the supports are assumed to be capable of storing

potential energy in bending and torsion only and the ends are assumed
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to move due to translation and rotation of the generator. The support
inertia is assuned negligible.

The frequeucy equation for the system is obtained by
assuming that the modes vibrate with a frequency w and is written
directly from the potential and kinetic energy expressions. The six
values of frequency found from the frequency equation are the six
natural frequencies for the syste. Using the diagonal terms of the
frequency equation determinant, the frequency estimates are fair to good
depending on the amcunt of cross coupling.

For a conplete sclution te the problem the eipgen-
values of the frequency equution rust be determined with the effect
of the coupling terms talen into account. These frequeuncies may then
be used to determine tle vibration modes corresponding to each fre-
quency. The approxinate method adopted by this study is to assume the
vibration mode, then f{find the corresponding frequeuncy, hence, once the
frequency has been estimated both the frequency and the mode shape are

known approximately.

The Kinetic Energy Matrix

The following definitions are now made:

Xl’XZ’XB = translation in X,Y,7 directions respectively
X&’XS’XG rotation with respect to Xl,XZ,X3 respectively

With these definitions the kinetic eneryy T may now be vritten as

2 .2 JC 2 2 2
= 2 (W, /o) (X + —)(X, + + -1
T o= 12 (Ng/e)(Xy R X)) 12 (G, X+ X) (4-1)
W = generater weight, 1bs
2
g = gravity constant, 386 in/sec”
J = polar rorent of inertia of the penerator (this is not

the area morent, the senerator mass is included)

The first set of terms has the kinetic eneryy contribution resulting
from penerator translation and thlie second set of terms has the contri-

butions due to venerator rotation. Note that the factor one-half in

3]
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the second sct of terms is due to the polar mowent of inertia being

twice the moment of inertia with resypect to X1 Or X2 axes.

The Stiffness Factor, K

The resonant frequencies for all moedes are directly
proporticnal to (WG/K)l/Z. Once the material has been chosen then E
is known. The modulus of rigiditvy I depends on the strut cross section
geometry and so may not be known exactly until a strut design has been
agreed upon. The strut design depends on factors other than those of
a purely structural nature and hence will not be elaborated on here.

Suffice it to say that materials under consideration are aluminum,

beryllium, and titanium and that current estimates of I range from 0.1

4

to 2.5 in .
The kinetic energy expression may be written in the

form of a matrix

6 6
r o2 Y 3w ag,
i=1 j-1

Only the diagonal terms of the matrix are present. The symbols have

reanings similar to those for the potential energy matrix.

Mg = Mgy T Mgy = Wi/e
M44 = NSS = (Jg/2) = 4wc/g, (See footnote)
M66 = JG = SWG/g, (See footnote)
where
W = generator weight

G

The Potential Energy Matrix

The entire system may be regarded as a frame with
energy stored due to twisting and bending. The elongation in the
members may be neglected as trivial as is the practice in the Theory

of Frames.

Note: J, = (WG/Zg) (generator radius)z, hence
NAQ = M55 = AWG/g and N66 = SNG/g only for the case where the

generator radius is 4 inches as in this study.
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Consider tlie beam shown in Fig. 4 -22 in the plane xy
with length L, anules 31, 62, * and end deflections y,, v,. The €
values are tlie slopes at both ends of the beam and : is the average
rotation of the beam eletent (* = (y, - yl)/L). A beam deformed as

shown above has a potential energy U given by

2 2 2
= 07 + 6.8, + 5, -~ 3¢ (5 j ~° 4=2
U K { N 1% 5 " 30(9 0y + 3 } (4-2)
¥ = stiffness factor, 2EI/L
I = moment of inertia of beam cross section with respect to

the neutral axis perpendicular to the xy plane

E = modulus of elasticity of beam
Equation 4-2 is for each of the two planes in which bending occurs.
he beam may also be subject to torsion about its
longitudinal axis. The potential encrgy for a twisted beam is

Up = GJ;2/(2L) (4=3)

it

modulus of shear

polar moment of inertia of beam cross section

2= S |
il

angular displacement of beam tip
The struts are prismatic hence,

GJ

fl

0.75E1 (4=4)
hence

U 0.188 (2EI/L)y> = 0.188 Ky’ (4-5)

T

To find the potential energy for the system, sum the potential energy
for each strut subject to bending in each plane and twisting about its
own axis. Next find the geometrical relationships between each ) and 0
and the coordinate system adopted.

The coordinate system used is translation in three
directions and rotation about the three translation axis.

The transformations from ¢ and O values to the six

deprce of freedom systemn referenced to above is a linear one hence the
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potential energy which is quadratic in ¢ and 6 will also be quadratic
in terms of the six pgeneralized coordinates. The potential energy term

may therefore be written in the general form

6 6
U o= /2% )" aij XX, (4-6)
i=1 j=1
i,j = summation indices
Xl’XZ’ -X6 = generalized coordinates to be designated later on

coefficients which allow U to be written in the

aij

prescribed fashion above

The Frequency Equation

Assume that each generalized coordinate vibrates with

a circular frequency* w and amplitudes Ql, 0,2, -—-, 26 then

1 £1 sin wt 11
2 12 sin wt ’2
: = [ ] = i sin wt
1 |
X6 1 2
i.e. X = g sin wt (4-7)

where the bars below the letters symbolize a matrix. It can be shown

(See Toug "Theory of Mechanical Vibrations" pp. 176-176, Wiley)

that
(WM +A) g = 0 (4-8)
M = matrix for kinetic energy terms i.e., of Mij
A = matrix of potential energy terms i.e., of aij
and that
Determinant of | A - uzM! = 0 (4-9)

Equation 4-5 gives the six values of the frequency which satisfy Eq. 4-7.
After the frequencies have been found from Eq. 4-9 the mode shapes may be

found directly from Eq. 4-8.

*27w = f, where f = cycles/sec.
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It is very difficult to solve Eq. 4-9 directly and
a computer solution is the best approach unless the system is suffi-
ciently uncoupled so that reasonably good frequency estimates may be

obtained by using the diagonal terms only.

The Three-strut Arrangement

’he three-strut arrangement consists of threc struts
each 120 degrees apart. Each strut has two numbers associated with it.
An odd number which represents the base (at the collector) and an
even number for the end at the generator.

The generator motion is prescribed by the vectors

p» @. The vector p describes motion due to translation and has com-

ponents (X, Y, Z). The vector @ describes rotation and has components

(G%, ay, az). In the analysis generalized coordinates (Xl’ X2, ---X6)
are used. Their definitions are given in Fig. 4-23.

In subsequent pages the potential energy for member
1-2, U12’ is derived by means of Eq. 4-1 and geometrical considera-
tions. The potential energy for the other twWO0 members is derived
by means of coordinate transformations.

Potential Energy for Member 1-2

The following terms are defined:

Wz 12 = angular twist of end 2 with respect to end 1. The
b

positive sense is the same as that of the vector
from ptl to pt2.

82 7 = rotation of end 2 in the 1-2-Z plane.
]

62, cone = vyotation of end 2 in the tangent plane to the axis of

the cone fornmed by the struts.
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ﬁlZ, y T average rotation of spar 1-2 in the 1-2-Z plane.
See note on Fig. 4-23 for determination of positive
sense.
®12’ cone = average rotation of spar 1-2 in the tangent plane

to the cone formed by the struts. See note on
Fig. 4-23 for determination of positive sense.

From geometrical considerations

Y, 12 T @) Xg
2.z T F X, * (sin “S)XZ/L - X3/L
52, cone = X2 + Xl/L
12, Z L cos 55
f12’ cone = (a/L) X + Xl/L

From geometry L = 35 inches and “5 = 63.5 for a 5-foot diameter col-
lector with a 60 degree rim angle and a 4-inch radius sencrator. Using

Eqs. 4-1 and 4-8 the total potential energy for a four strut case was

found to be

2 7 /z, ’
200 X] +4.74 X X,
2
200 X, - 4.74 XX,
1.06 X2
U o= 107% pe 23
106 X,
106 xg
D
2
6 X,
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and the frequency equation is:

(200-1) 0 0 0 1.19 0
0 (200-V) 0 -1.19 0 0
0 0 (1.04-2) 0 0 0
0 -1.19 0 (26.5-)) 0 0
1.19 0 0 0 (26.5-2) 0
0 0 0 0 0 (0.75-Y)
where

>
It

102 wG/(gK) tw
2EI/L

Observe that the coupling appears light for all rows except the sixth so
that reasonable approximations to the exact frequencies may be made by
assuming Xl’ X2, X3, XA’ uncoupled and a poor approximation can be made
for the X-axis rotational frequency by assuming the sixth row uncoupled.
Frequency estimates based on the uncoupling assumptions

are shown in Table 4-IL.

Conclusion

The resonant frequencies in the translational and rota-
tional modes of several typical cases have been shown to have lowest fre-
quencies in the neighborhood of 40 to 60 cps for a 5-foot mirror, 60 de-
gree rim angle and 100 to 150 cps for a 10~foot, 60 degree rim angle

using reasonable numbers for strut physical parameters.

The most serious problem exists in the rotational
vibration about the concentrator axis. However, using the physical
constants shown, the resonant frequencies are high enough to be usable
in typical vehicle structures. However, it is clear that the situa-
tion could easily change. For example, the use of aluminum (assuming
all other physical parawmeters remain the same) would decrease the
resonant Lrequency by half, which may cause difficulty in typical

vehicle structures.
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TABLE 4-1I
TYPICAL RESONANT FREQUENCIES OF SUPPORT ARMS
IN UNFOLDED POSITION

Frequency, cps

N T S S
D =5 ft. 4 arms 945 945 68 343 343 58
I =0.13 3 arms 720 720 51 261 261 L4
E =40 x 10° (Be)
W, =5 1b
i}zla fe. 4 arms 2,650 2,650 178 900 900 152
E =40 x 106 3 arms 134 114
I =3.4
Wy = 10 1b

2 _ 1 g 2EL
(27)° L 102 0

The situation with three arms is roughly the same.
Assuming the same physical constants for the struts, the resonant fre-
quency decreases as shown and care must be taken to select a high
enough EI factor.

hie pairing of two smaller arms to make one, as shown

in Fig. 4-2, will aid considerably in raising the Ei factor which
atfects f6’ and can lead to cverall weight savings. The benefit in
terms of vibration must be traded against the small losses expected

in obscuration and IR losses.
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4.9 Weight

As discussed in previous paragraphs, the weight of the gener-
ator support arms will be a function of:

1. The tradeoff between resistance losses and obscuration of the

concentrator
l 2. Design limits imposed by the temperature at the end of the gen-
erator support
l 3. Design limits imposed by vibration problems during launch or
cruise
I The maximum value of the generator support efficiency is shown
in Fig. 4-24 based on previous assumptions. The maximum value is a
function of many parameters as shown.
! Figure 4-25 shows a typical generator support optimization for
a S5-foot mirror. The 1b/KW figure for the system (including support
I arms) and the arms themselves are shown. Assumptions for calculations
are typical and are listed.
. As shown, the minimum outer support diameter for first mode reso-
nance in a 'folded" launch mode of 35 cps is 0.72 inch. In the case shown,
l the limitation due to thermal conductivity down the support arm is more se-

vere than limitations due to vibration. 1In the case shown, a wall thickness
of 0.050 inch resulted in a temperature at the end of the generator support
arm of 100°C which is considered to be the maximum limit. This, therefore,
is a maximum wall thickness which can be used and for outer support diameters
of less than 0.8 inch, the losses in electrical resistivity rapidly decrease
overall system efficiency. This decrease in system efficiency results in

a sharp increase in 1bs/KW for the entire system (as illustrated).

Figure 4-26 illustrates the same optimization using aluminum
instead of beryllium arms. As shown, the minimum resonance criteria
become much more important.

Figure 4-27 illustrates the same type of optimization for a
10-foot mirror. In this case, the vibration problem overshadows the
thermal conductivity problem. As shown, the minimum outer support diam-

eter is 2.8 inches for a resonance frequency of 35 cps. For aluminum
®

arms, shown in Fig. 4-28, the situation becomes much worse.
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In conclusion, the optimization of generator support arms
has been shown to be a complex problem involving the performance of
other components of the system. The weight of the arms by themselves
is not as important as the effect of generator support design on over-
all system efficiency. Thermal conductivity and vibration character-
istics are important design criteria. Unfortunately, the knowledge
of these effects and the methods for calculating these effects are

still relatively approximate.

4.10 Other Thermal Effects

In addition to thermal expansion, mislocation of the gen-
erator can result from bimetallic effects. These arise from ) ab-
sorption of radiation from the sun, concentrator, generator, and nearby
planets (2) differing fields of view towards the concentrator and gen-
erator.

At 300°C a blackbody will emit 0.6 watts/cm> and at 100°C,
0.11 watts/cmz. With high emissivity, say 0.9, the generator support
skin will absorb 0.12 wat:ts/cm2 at normal incidence to the sun. Thus,
at the generator support end close to the concentrator, the impinging
solar radiation is an important contributor to the overall temperature
of the generator support arm.

The bimetallic effects are cxpected to be small. Preliminary
calculations indicated a maximum temperature differential from one side
of the generator support arm to the other of less than 5%¢.

Of more importance, however, is the effect of the radiation
absorption on the design calculations for the generator support. As
discussed above, a primary factor in the tradeoff optimization was the
thickness of the wall which was limited by the maximum temperature
allowed at the end of the generator support. As a result of other
incident radiation, the maximum allowable wall thickness will decrease.

If the wall thickness must decrease, electrical resistivity
will increase, and in general, the effect will be to decrease overall

system efficiency.
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5. THERMIONIC CONVERTER

An investigation was made into the state of the art in thermionic
converters and their performance characteristics. This section will
describe the converter and its operation, and summarize the performance
characteristics.

During the study, I-V, P-V and efficiency curves were derived for
converters operating at 15, 20 and 25 watts/cm2 at 0.7 volt and emitter
temperatures of 1500 to 18000C; extrapolation was based on performance
of current laboratory converters.

Several different types of I-V curves can be derived depending
on power input conditions. Almost all the converter I-V curves measured
in the laboratory maintained conditions of constant emitter temperatures
and 'optimized" reservoir and radiator temperatures. This type of curve,
while useful as an indication of potential performance, cannot be used
in systems analysis where constant power input is the governing con-
dition in converter operation.

If a converter is designed for 1700°C emitter temperature at a
specific voltagey operation at other voltage levels with constant power
input will vary the temperatures within the converter. Higher current
and lower voltage results in higher seal and collector temperatures.
Lower current and higher voltage results in higher emitter temperature
and lower collector and seal temperature. Until adequate reliability
data is gathered regarding the effects of varying the load, it is assumed
that the optimum design condition from a system viewpoint is to maintain
the output of the converter close to the design point.

Limited life information on converters is available; several con-
verters have reached 3000 hr. life steady state at relatively low power
outputs. The avoidance of rapid increases or decreases in temperature

is desirable. Also, laboratory experiments indicate that startup will
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require load adjustment to short-circuit conditions along with a max-
imum input of solar energy to the generator in order to open the

emitter-collector gap.

5.1 Converter Description

A thermionic converter is a device which converts heat into
electricity by utilizing the tendency of metals to emit electrons at
high temperature. A typical device is shown in Fig. J-1. The com-
ponents of the converter are:

1. An emitter which typically operates at temperatures from
1500° to 1800°C.

2. A spacer which consists of a thin-walled cylinder which
serves to support the emitter and, in present converter
designs, separate the emitter from the collector at opera-
tional temperatures.

3. A collector which is cooler than the emitter, typically at
700° to SOOOC, and collects the electrons emitted by the
emitter. Typical spacings between the emitter and collector
at operational temperatures may range from 0.00025 to 0.010
inch. Optimum spacing depends on temperatures, materials,
geometry and related phenomena.

4. A leadthrough ring which supports the spacer and carries
current to an electrical lead; also, it can provide a sup-
port for the insulation between collector and emitter.

5. A radiator for radiating the energy from the collector to
maintain a cool collector.

6. A cesium reservoir and tubulation into the emitter collector
space in order to provide a cesium plasma.

7. Electrical leads.

8. A support structure for mounting the converter onto a prac-
tical generator structure. The converter can be mounted in
several ways which may or may not utilize individual support

structure.

N
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I Figure 5-2 is an illustration of converters which have been

\ assembled in the years 1961 through 1965. The basic configuration is

the same; i.e., a round flat emitter is heated on one end and is sup-
ported by a thin wall cylindrical spacer. The weight of the converters
has remained about the same ranging from 0.5 to 0.75 lb per converter.
As described later, the performance characteristics have increased
significantly during the past years.

Figure 5-3 shows the potential cnergy diagram as it exists
in an operational converter. An expression for converter efficiency
is given in Eq. 5-1. The efficiency depends on electron cooling losses
and other losses which depend to a large degree on converter collector
temperature. Typical converter, cesium conduction, electrode radia-
tion, and conduction losses are given in Table -1 for a range of
emitter temperatures. These losses arc relatively small compared to
the power drain from the emitter from electron cooling.

Figure 5-4 shows typical electron cooling power losses from
the emitter at various emitter temperatures. The electron cooling power
is described by Eq. 5-2.

The power output of the device is described in Eq. 5-3 and
is given by the product of the current plus the summation of the voltage
potentials described in Fig. 5-3. 1t is desirable to maintain a high
emitter work function and a low collector work function in order to
maximize the voltage out from the device. Other voltage losses include

the plasma loss and the potential fall at the cathode.

Converter _ Power Qutput
Efficiency Electron Cs Inter- Lead and
Cooling + Conduction + electrode + Envelope
Loss Radiation Conduction
& Radiation
(5-1)
= Ir¢ + 0.173 Eﬂl_t_t.gf. i (3_2)
electron L'e ) 1000 J
cooling
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TABLE 5-1
TYPICAL CONVERTER CESIUM CONDUCTION
INTERELECTRODE RADIATION, AND CONDUCTION LOSSES

Emitter Temperature,

1500 1600 1700
Cesium Conduction Loss
(w/cmz) 6 7 8
Interelectrode Radiation® Loss
(w/cm?) ' 13 17 20
Conduction Loss
(w/cmz) 33 37 40

*emissivity of 0.4 assumed for both surfaces.
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T N N T S

il

where I current

¢e = emitter surface work function
- . o}
Temitter = emitter surface temperature ( K)
{ 4 kTElasma K
= < - - - 7 - ) -
Poutput IL¢e AVs ¢c ‘IR T ome J (--3)

(see Fig. 6-3 for explanation of terms)

5.2 Performance Characteristics

The output of the thermionic converter depends on a large
number of variables including spacing between emitter and collector,
emitter temperature, collector temperature, cesium temperature, ma-
terial work functions, losses and related phenomena.

In general, at a given emitter and collector temperature,

the converter has an optimum power output for any given cesium reservoir

temperature. This is illustrated in Fig. 5-5 which shows typical DC
performance of a converter which is really the envelope of a number
of optimum I-V curves at each cesium reservoir temperature.

"Optimum'" DC performance as illustrated in Fig. 5-5 can be
misleading. Figure 5-6 shows three types of converter I-V curves and
two types of converter P-V curves which can be used to describe con-
verter characteristics. These are:

1. Curve A is an I-V curve with constant emitter temperature
and optimized cesium reservoir radiator temperature at each
point. This is the '"DC'" performance curve usually obtained
in laboratory tests. This curve is only an indication of
performance and is not directly applicable to system design.
2. Curve B is an I-V characteristic where constant power input
is given to the converter and the temperatures of the con-
verter are allowed to vary as a function of load. This is
the nature of the operation of the converter in a system mode
and is the curve most useful in system design. Limits on the
load changes which can be withstood by the converter will

depend on the temperatures achieved by the seal and emitter.
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3. Curve C is an AC sweep curve which is obtained by swiftly
varying the load about a given design point such that the
converter performance curve is obtained without changing
any temperatures in the system and maintaining a constant
power input. This curve is useful for determining potential
performance.

4. Curve D is a P-V curve with constant power input to the con-
verter. This curve is characteristic of the operation of
the converter in a system.

5. Curve E is a P-V curve with constant emitter temperature
corresponding to Curve A. This curve is not directly appli-

cable to system design.

It should be noted in Fig. 5-6 that the optimum power point
for a converter with constant power input is at a much higher voltage
than the maximum power output of a converter operated at constant
emitter conditions.

Figures 0-7 through 5-15 present I-V, P-V and efficiency
curves for thermionic converters operating at emitter temperatures of
150009, 1600°, 1700°, and 1800°C. Three types of converters are assumed;
these are capable of 15 watts/cmz, 20 watts/cm2 and 25 watts/cm2 at
0.7 volt with an emitter temperature of 1700°C. Performance and effi-
ciency characteristics were derived using Egqs. J-1, 5-2, and -3 and
other information available in the literature.

The curves in Figs. 5-7 through 5-15 are considered to be
reasonable extrapolations of the state of the art. Several converters
have exhibited greater than 20 watts/cm2 at 0.7 volt although these
cannot be characterized yet as production converters.

Figures 5-16, >-17, and >-18 show I-V curves for the three
types of converter for the case where constant power input is given to
the converter. The constant power curves are compared with the con-
stant emitter temperature curves and significant differences can be
seen. The constant power curves are consistent with the use of Egs.
“=1, 5-2, and 5-3 and analysis of the change in conduction losses,

temperature losses, etc.
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5.3 Life and Reliability

Failure of a thermionic converter can be characterized in
three ways:
1. Gradual performance degradation
2. Catastrophic failure resulting in an open condition

3. Catastrophic failure resulting in a shorted condition

Life and reliabi]ity data on converter operation is limited.
Approximately 13 diodes have been operated as long as 500 hours at high
emitter temperatures. Four converters were operated for a lifetime of
greater than 3000 hours steady-state at emitter temperatures and power
outputs which were relatively low compared to those which will be used
in a high performance generator.

Life tests simulating the 300 nautical mile orbit around the
earth (55 minutes light, 35 minutes dark) have been made on thermionic
converters. So far one converter has withstood greater than 2000
cycles. To qualify for a l-year operation in a 300 n. mi. orbit
requires that converters be capable of withstanding 5844 cycles. The
cyclic data to date seems to indicate no fundamental reasons why con-
verters cannot be made to operate in a cyclic condition reliably. How-
ever, converter tests under simulated space conditions rather than
laboratory conditions may indicate needed design changes.

Figure 5-19 shows the emitter temperature and power output
at operating time for the four converters that were tested for 3000
hours.

Performance degradation mechanisms have been identified to
some extent. However, insufficient information is available to identify
all degradation mechanisms or to identify such statistical data as mean
time to failure, corrosion rate, etc. Important performance degradation
mechanisms are:

1. Evaporation of the emitter
2. Seal corrosion

3. Slow leakage of the cesium
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4. Diffusion or surface migration of materials to affect the

collector and/or emitter work functions

Figure 6-20 is a plot of the evaporation rates of various
candidate thermionic converter emitter materials. Shown also in this
figure is a shaded band which represents what is approximately the
maximum evaporation rate which can be tolerated in an emitter material
in order to keep heavy deposits from forming on the collector surface
in a period of approximately 1000 hours. The formation of collector
coatings can drastically increase the radiation heat transfer between
emitter and collector, change the collector work function, and may give
rise to thick collector coatings which, in flaking off, may cause emitter
to collector shorts in a thermionic converter. The essential feature
of this figure is that an approximate upper temperature limit is placed
on all the materials for long term operation in a thermionic converter.
It appears that the upper Bperational temperature limit for tantalum
and rhenium is approximately 1800°¢C if operational times on the order
of 1000 hours are desired. For operational times approaching 10,000
hours, the upper temperature limit would be closer to 1675°C. Tungsten,
on the other hand, could be operated for approximately 10,000 hours
at a temperature of approximately 1800°¢.

High quality seals have now been perfected which have demon-
strated no significant cesium corrosion after 1000 hours of converter
operation. Temperature limits on seal operation are not known but it
is estimated that 700°C would be an upper limit. No data is now avail-
able on lifetime of the seals although seal corrosion is amenable to
accelerated life testing.

The most prevalent mechanism for catastrophic failure of the
converter is leakage of the cesium through cracks created by metal
fatigue, corrosion, recrystallization, and related phenomena. All the
mechanisms of cesium leakage are not yet known and will depend to a

great extent on long life testing.
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It is felt that shorting of a converter is less likely than
the open condition. Shorting can be caused by the meeting of the
emitter and collector through flaking of chips, loosening of bonds to
create unstable conditions, metal fatigue and expansion, and other
phenomena. As soon as the emitter and collector touch at operating
temperatures, the emitter will rapidly cool and the collector will
grow hot. This process will tend to shrink the emitter spacing and

maintain a shorted condition.

5.4 Future Performance

Figure ,-21 shows bandwidths of performance characteristics
obtained by converters in 1962 and 1964. As shown, converter perform-
ance increased dramatically during the 2-year interval. The bandwidth
consists of a composition of numerous I-V curves obtained on various
kinds of converters as reported in the literature. Laboratory converters
at several organizations have exhibited much higher power outputs than
the converters on prototype flight hardware. These laboratory con-
verters consist of variable spacing test devices specifically intended
to allow extremely close spacings to occur. The bandwidth in Fig. 5-21
labeled 1968 is a judgment regarding what can be obtained in practical
hardware by decreasing spacing, optimizing materials and Bptimizing the
heat transfer of the converter. The two major problems in converter
design consist of the hcat transfer necessary to operate at high current
and obtain low collector work functions. It is felt that both of these
problems will be adequately solved by 1968 to provide perhaps a 50
watt:/cm2 diode, characteristic of prototype laboratory hardware, in

1970.
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6. THERMIONIC GENERATOR

6.1 Description
The thermionic generator consists of the thermionic converters,

structure for holding the converters, cavity, power leads, front cone,
and shielding, instrumentation, attachments to the generator support,
and related items. Also, additional control units such as solar flux
control, cesium reservoir control, and other items may be held onto the
generator structure.

Figure 6~1 shows a cross section of a five-converter generator
which uses a cubical cavity. The outline of the converters shown corre-
sponds to converters manufactured in 1962 and 1963. A photograph of
gencrator, JG-1, assembled in 1962, is shown in Fig. 6-2. The five
converters were mounted by spot-welded tabs into a cubical molybdenum
structure. For this early generator, no special precautions were taken
to shield the structurc and minimize heat losses.

A second generator, JG-2, is shown assembled and mounted on a
supporting ring prior to test in a vacuum system in Fig. 6-3.

Figure 6-4 shows a layout of a four-converter generator,
designed in 1964, utilizing a cubical cavity and converters with
straight fins as radiators rather than cups. Figure 06-5 shows a photo-
graph of a model of the four-converter generator outlined in Fig. €-4.

As discussed in other sections of this report, many variations
in the number of converters per generator, the shape of the cavity, and
other details of the structure and supporting items are possible. To
date, however, only three cubical cavities with five converters and a
cylindrical cavity with three converters have been assembled using high

temperature cesium vapor converters.
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6.2 Performance Characteristics

Figure (-6 shows I-V curves obtained during laboratory tests
of a five-converter generator in late 1964.

For the laboratory tests, an electric heater with appropriate
shielding is placed inside the cavity to simulate the input of solar
radiation. The watt number in Fig. 6~6 includes the filament heating
power as well as the electron bombardment power. The flux distribution
and reradiation losses are different than would be obtained in the
solar testing of the generator as illustrated in the curves of Fig. 6-7.

Figure (-7 compares solar and laboratory test data obtained
on a five-converter generator in late 1964. Power output and efficiency
is shown as a function of solar power input to the cavity. Efficiency
calculations in Fig. 6-7 are based on electrical power from the gener-
ator divided by total solar or electric power into the cavity; therefore,
in the case of the solar tests, reradiation and reflection losses are
included in the curves of Fig. 6-7.

Figures 6-6 and 6-7 illustrate the state of the art in gen=-
erator performance to date. Am 8 percent efficient generator was
demonstrated using solar radiation and 10 percent was demonstrated in
a laboratory environment.

The I-V curves of Fig. 6-6 show the "flat" type of curve
characteristic of converters whicﬁ are tested with constant power input
(see discussion in Section 5).

Figure f-8 shows further curves of the power output and effi-
ciency obtained during laboratory tests in late 1964 for a five-converter
generator.

Figure -9 illustrates the number of converters required in a
generator as a function of the power required from the generator. Param-
eters which are varied include the emitter area of each converter and
the watts/cm2 from each converter. As shown, the number of converters
required can vary considerably. For example, for 1,000 watts output,
the required number of converters can vary from 16 to 46 in the range

of 1.5 to 2.5 cm2 emitter area and 15 to 25 w/cmz.
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Figure $-10 shows typical generator output characteristics
which might be obtained in an advanced design. Characteristics were
drawn for a five-diode generator but can be extrapolated to any other
number of converters. The power and current curves are similar to
those demonstrated by existing generators. The power curve will not
peak but will exhibit fairly flat characteristics over a voltage range
of one volt. The emitter temperature with constant power into the

generator will vary depending on the load point.

¢..3 Thermal Response

An important consideration in use of the thermionic generator
in an orbital application is the amount of cnergy and time required to
warm or cool the generator. Thermal response of the generator will
vary considerably depending on generator design, converter design, flux
distribution, and other factors.

A typical thermal response curve is shown in Fig. ~+-11 for
generator JG-1 tested in late 1962. Other genecrators, with other
designs, would exhibit similar thermal response characteristics although
the rise and fall times and rates of decay may vary.

As shown, the output from the gencrator will shut down rather
il

(
i

when the solar energy no longer enters the cavity. This is due
to the rapid cool-down of the converter emitters.

The seals, radiator, and cesium reservoir of the converters
will gradually decay; eventual temperature levels will Jc¢..cnd on the
time length of darkness, background radiation, ctc.

When the solar flux reenters the cavity, the emitter will be
rapidly heated and the space between the emitter and collector will
open. 1t is expected that this opening would be signaled by a large
open circuit voltage in the converter. This voltage would vary accord-
ing to the spacing and may oscillate somecwhat as variations in cmittcr-

collector spacing occur.

4326-Final r=12



CURRENT, amps

D

|
| .
ansozs

100 T T T T T
\ (Temits
=1600°C
90 X/ )
DESIGN POINT
80 25w /cm?
0.7 volts/diode _
1700°C Temitt
70
60
50 =
40
30
20
10
X CONSTANT POWER INTO CAVITY
| ] 1 ] |
0 20 30 40 5.0 6.0
VOLTAGE, volts
=10 TYPICAL FIVE=DIODE CENERSTOR OUTPUT O ARMCHTI

ADVICSICED DESTON

400

300

200

100

POWER OUTPUT, watts



I

-<— S3ILNNIW ‘IWIL

P OISO ISITOd S TV L IV L s -0 "ot

o+ G+ 0c+ Cl+ Ol+ G+ 0 G- Ol- Gl- Oc- Ge—- o¢c-
0
f ] _ | | [ _ | [ T _ _
v8'2'1 —IK SY3ILYIANOD—dWIL — 00l
— dI0AYAS3Y WNIS3D
- 002
00¢
I-TE ¥3183ANOD NO HOLVIAVY X — oop
g \
I-TE. 43143ANOD NO v3S // 005
AY
T _ i T T o
v -IK 1910)]
Ol
gl
39V1I0A S3IN3S 0z
ALIAVD OLNI SLLVM 0OO!
‘035013 TOHLNOD XNT1d HVI0S— o
| | | | [ T [ !
/ 2
S1ivM 088 SLivM 06 \\>.:><o OLNI o
S1IVM 006 v 3
/ D)
\ 9 m
=
| —
8 »
S3NIVA 31VIS AQV3LS s
/ o o
¥3Mod / dN-WYYM NMOQ -1002 o
IN3™Eny cl

ONIY3ILN3 SL1IVM 006 (v

S3143S NIGANY $'2°I-IK SHILYIANOD
40P =T1TVYM H3BWVHD 40 3YNLIVY3IAWIL (2
Q3SN 3Y3IM SHILVIH AMVIIXNY ON (1 310N

Jo dW3L

¥ O 1NdLNO 39VLI0A

91
02
ve

S11VM ‘43IMOd

nal

7366068




Eventually, converter temperatures will be reached which
allow current output to occur. At this point the voltage from tlie
converter will drop and power will begin to be drawn from the
converter. As the reservoir, radiator, and other parts of the
converter gradually warm up, each converter will reach operating
conditions in a tire which is determined by the thermal response

of the gpenerator/converter structure.

.4 Misoricntation Losses

Misorientation of the solar-thermionic system will cause a
power loss from the generator due to threc phenomena.
1. Less solar radiation cntering the cavity
2. A decreasc in cavity temperature
3. Redistribution of flux in the cavity which creates mismatch
of converters and results in cooling of several converters
The third source of loss is by far the most important to
thermionic generator operation and is illustrated in Fig. ©-12. Shown
is the typical power loss and voltage loss due to misalignment demon-
strated with four converters in a solar test with generator JG-1 in
late 1962, The converters were ''side' converters in a cubical cavity.
Relative power loss is shown for four cases; cases 1 and 3 correspond
to the case where the misalignment is such that the focal image moves
along a diagonal of the cube. Cases 2 and 4 correspond to the case
where the focal image moves across the converters.
As shown, a misalignment of 5 wminutes of arc resulted in a
2 to 5 percent loss of power. A misalignment of 10 minutes of arc
resulted in a power loss of 10 to 20 percent.
Power loss as a function of misorientation depends on cavity
cmissivity, cavity shape, arrangement of converters within the cavity,
and other phenomena. The results of Fig. f-12 are considered to be

typically illustrative of the ball-park numbers which can be expected.
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.5 Generator Losscs

Figure ©-1J illustrates the main sources of generator loss
that can be cxpected in a practical converter. All of these losses
contribute to inefficiency of the system.

The cfiect of generator losses on generator cefficiency is
shown in Fig. 0-14. The converter efficicency corresponds to the
converter efficicncy curves derived in Section 3., Further losses in
the system will occur due to lead losses and structural thermal losses.
As shown in Fig. 0-14 the generator losses will generally increase with
cavity temperaturc. Also shown are anticipated mismatch losses in a

typical system config:ration,

t+5.1 Heat Louss Through Insulation Gap

Due to the fact that converters are generally con-
nected in series, the separate converter bodies cannot be allowed to
come into electrical contact with each other, the generator structure,
or with the shielding assembly, since this would short circuit the
gencrator output. The clectrical insulation is generally accomplished
by using a vacuum gap between the generator structure and the con-
verters. With this scheme, radiant energy will be lost from the
cavity through these openings. The design problem is one of minimiz-
ing this radiation loss from the cavity within practical limits of
having a reasonable gap width that allows for assembly tolerances.
Both blackbody and reradiation losses from the insulation gap will
occur. The blackbody loss case has been studied in the most detail
since a generator design concept using radiating devices incorporated
on the converter envelope would require a basic converter design
modification.

In calculating the loss of blackbody radiation from
the insulation gap, it is assumed that the losses occur from a cavity
of emissivity equal to 1 and that the radiation occurs to a free space

environment. The radiation loss is approximately
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P = g AOTLlL
o o

gap
where
A = cross sectional area of insulation gap
TO = cavity temperature
e ~ 1
o
¢ = Stefan-Boltzmann constant

Figure 0-15 is a plot of heat loss for a lé6-converter
generator configuration. The heat loss is given for insulation gaps
from 8 to 14 mils in steps of 2 mils. The graph shows that the antic-
ipated loss for a l6-converter gencrator configuration with a 10 mil
insulation gap is about 226 watts at a cavity temperature of 2,OOOOK.
The calculations assumed a converter diameter of 1.5 inches. The
radiation loss shown in Fig. %-15 will depend linearly on the number
of converters and the diameter of the converter.

It appears possible to prevent a significant amount
of thermal energy from escaping through the insulation gap by the use
of a reradiating wall similar to the configuration shown below. The

energy loss through the gap is:

o
P . A (r* -t = e o (1 - 1Y
gap rad |1 _ + 1 l\ o) r r 0 r
€ €
r S|
where
A = cross sectional area of gap
€. = emissivity of the reradiating wall (for tantalum at 8000K,
€. = 0.16)
€, = 1 is the effective cavity (blackbody) eunissivity
Tr = 800°K is the temperaturc of the reradiating surface
To = cavity temperature
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Thus,

Pgap rad = 0.16A [E (TO) - E(800) ], watts
or
Pgap fag = 0-16A [E (ro) - 2.37, watts
where
E (TO) = blackbody emissive power at TOOK

FOILS
/_

| T

_— SHIELD CASING

RERADIATING WALL
(TEMPERATURE=800°K)

INSULATION —
GAP T~

- CAVITY CONVERTER BODY
: : : ¢

A DESIGN OF RERADIATING WALL FOR INSULATION GAP

The above equation presupposes that the reradiating surface is main-

. 0 ; - .
tained at a constant temperature of 800 K. This condition is necessary
to insure that the converter operation (particularly the seals) is not

disturbed by the prescnce of the reradiating surface. The 800°K
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reradiating surface temperature is maintained by the proper combina-
tion of surface-area and emissivity. In general, the reradiating
surface must be of such a geometry that it "sces" little else besides
the cavity and the cavity must be able to see only the reradiating
surface. When this is the case, the model for heat transfer can be
assumed to be heat transfer between two infinite walls. In this case,
the cavity is one wall and since it is a blackbody (the emissivity is
one). The other wall has the emissivity that corresponds to the
tantalum metal at 800°K (this value is 0.16).

Figure 1 -16 is a plot for the 16-converter generator
configurations. The total radiant energy loss is plotted versus cavity
temperature for converter-shielding gaps varying from 0.008 to 0.014
inch. A comparison of the blackbody loss case with that occurring
after incorporation of reradiating walls, shows that substantial
energy cconomy may be effected by incorporating the reradiating walls
in future converter designs. For a 2,OOOOK cavity temperature, the
radiation loss through the converter-shiclding gap with a reradiating
wall is reduced to 16 percent of the blackbody loss present when no
reradiating wall is used. The gap loss could be reduced to approxi-
mately 9 watts for a four-converter generator by using reradiating
walls in the insulation gap. For a four-converter design using 20 to
30 foils for shielding and operating at 2,OOOOK, overall losses could
be decreased to less than one half of the value obtained with no
reradiating walls present. The motivation to reduce the insulation
gap loss is due to the realization that of the overall generator
structure thermal losses (neglecting converter heat rejection) the
gap losses are second in magnitude to the cavity opening reradiation

losses.,

5.5.2 Conduction Loss

This loss is due to continuous metal sections leading
from inside the cavity to the exterior. Energy is conducted from the

cavity and radiated to the low temperature environment on the outside.

4326-Final =23



73611789

20~ inal

TOTAL GENERATOR LOSS THROUGH CONVERTER-SHIELD. GAPS, (watts)

FIC,

60
s6 /
52 R

= O y _
o 0‘;\/ /
aak % / i

[

I oy N -
40 7 o°

i A s/ -
36 / oS/
32 // / Ny l
- / / 06\ _
28 o2

N é ¢ _
24 / /

- / v i
20 //
I6- _

1800 1900 2000 2100

CAVITY TEMPERATURE, (°K)

6-16

RADIANT EXERGY LOSS THROUGH INSULATION ©ADS

(vith reradiating wvall) FOR 17=CONVERTER SE7
CEXNERATOR VS CAVILY

as paraneter)

FEMPERATURE

(zap width



In the design concept under consideration, the conduction loss occurs
to a significant extent at two places:
1. At the lip of the flux trap cone bordering on the cavity
entrance
2. At the shielding retaining sleeves surrounding the converter
openings in the radiation shielding
The most significant of these two losses occurs at the lip of the flux
trap cone due to the much larger area involved.
The heat loss from the cavity due to conduction at

the flux trap cone is

4

A
q = eoa(T, - Teon

) watts
e

where
T = cone temperature
cone
TO = cavity temperature
€ = effective emissivity of the cone and cavity combination
A = interior surface area of the cone flux trap which faces
the cavity
It is evident that once the interior come surface temperature T is

cone
known, q can be readily found. In practice it has been found that the

flux trap cone can be made to run at a temperature of approximately
800°K. Assuming this approximate temperature and an emissivity of
approximately 0.1 for the cone area facing the cavity, the cavity loss
due to this mechanism can be computed. For example, assume a generator
suitable for use with a 5-foot concentrator with a 0.75-inch entrance.,
The area of the cone which is exposed to the cavity interior corresponds
to a ring 0.750 inch in average diameter and having a width of perhaps
0.140 inch. The net area of this annular ring is approximately 2.1 cmz.
The cavity loss to this annular ring is approximately 18 watts for an
effective emissivity of 0.1. Table ¢-I summarizes the calculated q for

the 1,900 to 2,1000K temperature range.
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TABLE ¢-1

SUMMARY OF CONDUCTION LOSSES AT FLUX TRAP CONE
AND RETAINING SLEEVES

q

Cavity sleeves
Temperature 9cone (one converter)
gng (watts) (watts)
1,900 15.1 3.4
2,000 18.3 3.4
2,100 22.5 3.4

This estimate is felt to be conservative as long as
the interior of the cavity does not sec the crack between the converters
and the front flux trap conc. In an actual generator a shicld should be
placed so that the edge of the flux trap conc does not look directly at
the interior of the cavity but faces a low emissivity emitter surface
which reduces the cffective emissivity of the cavity-cone combination
to approximately 0.08 instead of 0.1.
The conduction loss at the converter shielding retain-
ing sleeve is a complex function of:
1. Temperature variation in the shielding
2. Temperaturc distribution along the converter envelope
3. Emissivity and geometry of the gap between converter and
sleeve
4. Thermal conductivity and geometry of the sleeve
To a first approximation it can be assumed that the average temperature
of this retaining sleeve is approximately 1,2000K. Assuming a tantalum
sleeve thickness of 0.002 inch, a sleeve length of 0.200 inch and a

o ; .
temperature drop of 500°C, the conduction loss per converter is:

9. = -kA %%:w (0.71)(4.83 x 10-3)(985):w 3.4 watts
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Since the average temperature of the retaining sleeve will not change
much for cavity temperature between 1,900 and 2,1000K, the conduction
loss through the sleeve has been assumed constant at 3.4 watts per
converter over the entire cavity temperature range. These losses
together with the flux trap losses are shown in Table ¢-I.

".5.3 Heat Loss Through Radiation Shielding of the Generator
Structure

Radiation Shielding Losses Assuming Constant
Shield Emissivity Over Entire Temperature

Range

The assumption of constant shield emissivity,

though not usually found in practice, simplifies the shielding equations,
and yields solutions that lead to a better understanding of shield
bchavior when emissivity changes are taken into account. In this anal-
ysis, steady state heat flow through multiple layers of shielding is
considered. The shields may be disks or cylinders but are assumed to
be thin in comparison to their curvature that they may be regarded as
a flat parallel geometry as far as the analysis is concerned. It is
assumed that a vacuum exists in the cavity, as well as between the
individual layers of the shield, and in the space adjacent to the exte-
rior shield. It is further assumed that all heat flow is a result of
radiation heat transfer between shields and that no thermal conduction
occurs between the individual shield layers. This last assumption is
acceptable, if the areas of contact between adjacent layers are small
and the bond is poor so that the overall thermal resistance of these
contacts is large. The shield layers will contact each other only at
dimples in the foil. This method of shield assembly has been found
to be satisfactory in the past.

It can be shown that for two very large sur-
faces (i and j) of area A, which are close together, the net radiation

interchange from surface i to surface j is approximately:
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4 4 1
9 | =Ao(Ti-Tj) _1_+_1__1)
€ ej
where
qi,j = net heat transfer from layer i to j
Ti = temperature of shielding layer i
Tj = temperature of shield layer j
0 = Stephan-Boltzmann constant
= shielding area
ei,ej = ecmissivity of layer i1 and j respectively

The heat transfer between surface 0 and layer 1 is thus

90,1 1 4 4
= o(T_ - T,)
A 1l + 1 1 o 1
0 1
where
TO = cavity temperature

and between the two layers 1 and 2 with an emissivity ¢,

m

2~¢

In general, the specific heat transfer can be written

qkiik + 1 _ e

4 4
A - 2-€

0 Tt

o(T

if both layers have the same emissivity ¢. For the nth layer radiating

into space with emissivity e, vwe have
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For steady state heat flow the heat flux is the same for each shield,

hence,

When the emissivity values are assumed to be the same for successive

layers, then

4y 4
2 = (T = Toyy)

4
(Tl -T
This shows that for two adjacent layers the difference between the

fourth powers of the temperature is a constant, hence, for n layers

(i.e., n-1 sets of adjacent layers) we have

4 4 4

4
1 n n-1 Tn) (n-1)

Equating the heat flow between the cavity and the first layer with the

heat flow between the (n-1) th and nth layer we obtain

e+ e —-¢ ¢
4 4 0 0 4 4
To B Tl + eo (2-¢) (Tn—l - Tn)

Also equating the heat flow between the nth layer and space with the

flow between the n-1 and nth layer we obtain

e (2-¢)
R L - SR
n-1 n € n

Solving simultaneously we obtain
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4 4
Tn = TO/(Cl C2 + 1)
€
c. =D (2-¢)-
1 €
€ + Eo - eo €
= + n-—
) e (2-¢) n-1
0
and the heat loss per unit area is
4
e o
A n " 5 £ + € =€ ¢
j o (2-e) v T U ) |
¢ e (2-¢)
- o
we can thus write
q
L RS
A €3€ € o
where
€
- n
EsE s Lty (2-¢) 1 e + €y = €4 €
l + n-1 + 1
€ R e (2-¢)
- o
Cs,eo,en is actually the effective emissivity in that it represents

the ratio of heat lost to heat that would be lost by a blackbody at
the cavity temperature, TO.

This equation indicates the effectiveness of the
shielding in reducing the blackbody radiation from the cavity. It
can be shown that for any given set of parameters €5 €.» the effect
of varying €l is less for large values of n. If we consider the fact
that throughout the shielding the lowest possible emissivity values

will be used, then it is evident that unless €, is much smaller than
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€, the reduction in q/A will not be substantial. As a general rule
though, it is desirable to reduce all losses to the absolute minimum,
hence, if possible, the outer shield should have the lowest possible
emissivity, even if one has to go to special coatings¥*,
C is quite insensitive to changes in ¢ , hence,
€£,€0,EN o
this value need be known only approximately in calculations. As a

general rule ©

v should be made as small as possible.
We will now consider the case where the emissivities

of all the shields are the same, i.e.,

€] =€) =€y =. . . = €1 = €,
then
€ €
= C = o
= y —
€5€ s€_ €s€ € en (2-¢)
and
3
>C = —— f > 10
Ce,eo CE n (2-¢) or n

At 2000°K tantalum has a total normal emissivity of

0.24. This is the value to be used for € Thus,

0.24¢

Cc,co T e+ 0.2n (2-¢)

To tind the heat radiated per unit area, i.e., q/A we use the equation

*The long term stability of any proposed coating should be carefully
checked before such a scheme is adopted.
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Figure (~17 shows the variation of heat loss per unit area with the
number of radiation shields. The emissivity values used as parameters
are € = 0.05, 0.1, 0.15 and the values of C veq are calculated from
the equations above. The plots show that the dependence of q/A on ¢
is very pronounced for any number of shields used and that in order

to obtain very good insulation without using an unreasonable number

of shields, shields with very low emissivity must be used throughout,
or if this cannot be done due to the necessity of using shield mate-
rial of high emissivity adjacent to the cavity wall, then a sufficient
number of low emissivity outer shields must be used in order to have

a low, effective emissivity for the entire shielding structure. The
required number of shields to achieve a given heat loss is very sen-
sitive to the value of the emissivity of the shields.

In practice, the emissivity cannot be assumed to be
constant throughout the temperature range usually involved. 1In such
cases, a continuum approximation should be developed for a discrete
set of shields. The continuum case will be considered in the next
section.

Radiation Shielding with Emissivity a Function of
Temperaturé - ne Set of Shields

The calculation methods developed above may be used
to estimate the approximate number of shields required for a given
heat loss when the shield materials show only a slight variation of
emissivity with temperature over the range of application. In such
cases, either an average emissivity may be used to obtain upper and
lower limits of the required number of shields or an average value
of these limits is used as a most probable value.

When the shield emissivity variation with temperature
is large over the temperature range of interest the methods described
above will give only a rough estimate. Thus, an approximation adapt-

able to shields having a variable emissivity is desirable.
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An approach to the problem of shields with variable
emissivity is to regard n (the number of shields) as a continuous
variable, i.e., values of n will be considered that are not integers.
In this manner, the difference in temperature between any two foils
is now the variation of temperature with respect to n within the shield
system. The number of shields required to produce any desired loss can
be closely estimated to any degree of accuracy from results obtained
after certain mathematical manipulations have been performed. The pro-
cedure is illustrated below.

Assume that between any two successive shields
(k, k + 1) the temperature difference AT is sufficiently small so that

an average value of €, may be assumed to be valid for both shields,

k
then the heat transfer relation for two successive shields can be
derived,
G, Kk + 1 €T 4 4 e~ T 4 47
2. = - = - : l,Ar\ - !
A 7 Ty " T ) "2 (Mg 700 - Ty
- €C 4 T AT (4 1
7-¢ Tk+l A<l T ) -1
I+l

7
Using the first two terms of the binomial expansion of (1 + A’I‘/Tk+l)q

we obtain

/ A
(1 +T—-——3T MR
k+1 k+1
hence,
AT L 1 [ @-o) q1
T | 4 €CA
k+1 (4 Tk+1 )

For well-shielded cavities, q/A is very small, hence, AT/Tk+1 is small
2
and the second order term of 0 [(AT/T)” ]may be neglected. The tem-

perature difference between any two shields is thus:
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where ¢ is now the average value of the emissivity for both shields.
The value of AT given above is actually the value that results per

unit change in the number of shields, hence,

(aT/dn) = - (1/4) (q/4) 2 (1/T)
[0}
In this equation, n is being treated as continuous rather than being
restricted to integers. The minus sign is introduced because an in-
crease in n results in a decrease in T, hence, for increasing n, dT/dn
is negative. Then,

€ 3

Lo

dn = - ZE7K$' e T  dT
~N T -
j dn =n = 6; S nZ Tj daT
‘:O (q n) lr 2-€
To © -12
4o ' € 3 22.7 x 10~
= — T°dT = I (T, T
n (q/4) ‘T 2-¢ (q/A) ( o n)
n
PTO e .3
I(TO,Tn) =; "—2_€ T°dT
T
n
o = cavity wall temperature
n - temperature of outermost shield

If q/A is specified, then Tn may be conveniently found from a plot of
q/A versus T for the material under consideration.

Note that when Tn = T0 then n = 0, therefore, n is
the number of shields outside the first, since the first shield is
assumed to be at the cavity temperature TO. For the case where ¢ is

constant, the equation above reduces to the simple case treated earlier:
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For the case of ¢ = 0,1, we have for q/A = 9.2 x 10—2 the value of

Tn = 638°K hence, n = 51.3. The value calculated previously is 50
shields, hence, both methods are in reasonable agreement. The error
here is approximately 2 percent. If higher powers of AT/T are re-
tained in the binomial expansion it can be shown that the error in

the number of shields calculated by the method derived is always a
positive one, hence, the method gives slightly conservative estimates.

Radiation Shielding with Emissivity a Function of
Temperature ~ Two Sets of Shields

The only shield materials acceptable for use above
approximately 1600°K are tantalum and tungsten. Unfortunately, these
materials have relatively high values of emissivity at the lower tem-
peratures (lOOOOK), hence, at lower temperatures it is desirable to
use shields having a low emissivity. ‘lelow lﬁOOOK, melybdenum shields
may be used, below 1000°K nickel is satisfactory and at 300K copper
could be used. In studying composite shields, we find that the equa-
tions above may be used with modifications. The details of this modi-
fication will be discussed later in this section.

Examination of the total normal emissivities of tan-
talum and tungsten over the temperature range of 1600 to ZlOOOK, shows
that throughout this temperature range tantalum has a slightly lower
emissivity. In conjunction with its workability it would appear that
tantalum is the most desirable shield material at the high tempera-
tures. Over the 1600 to 800°K temperature range molybdenum has the
lowest emissivity when compared with tungsten and tantalum. Below
300°K copper shields would give a slight improvement over molybdenum
but the extra fabrication effort does not make the use of copper worth
while,

Before proceeding with this analysis, it should be
pointed out that the maximum shielding thickness allowable by gener-

ator structure considcrations is upproximately 0.150 inch. This
PP
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rough upper limit on the shielding thickness results from the neces-
sity of preventing the shielding from disturbing the desirable tem-
perature distribution in the converter. With 1 mil shield foil and
a 4 mil separation between shields, approximately 30 shields can be
accommodated in the 0.150 inch space allowed for shielding.

In analyzing the composite shield heat transfer, the
continuum approach breaks down for cases where two adjacent shields
have grossly dissimilar emissivities. TIf the emissivity difference
between adjacent foils is small (as in the practical case) then the
total number ot shiclds may be found by using for e(T) the emissivity
variation with temperature of the specific metals chosen for the
shielding. If, on the other hand, the emissivities are very different,
then at each dissimilar junction the temperature drop must be found

by the equations;

Kk Skl

If a composite shield of tantalum and molybdenum foils is used, then,

12 5o
n,, = 22.7 x 10 f e/(2-¢) - T3dT = number of
Ta (q/A)
1600 tantalum
foils

and

227 % 1071 PO e s

Mo (q/4) 800

= number of molybdenum foils
where
ATa Mo = temperature drop at the tantalum molybdenum junction.
3
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For large junction temperatures and small heat losses,
ATTa Mo is small and may be neglected in most instances. For example,
!

ATTa-Mo = 107.5 (q/A)
If instead of assuming shields of two different materials, the shields
were assumed to be all molybdenum, then
11

ATTa,Ta = (a/4) 0.0933 118 (a/A)

so that the error in AT is

S(AT) = (118 - 107.5) q/A = 10.5 (q/A)
Since (q/A) is of the order of 10_1 - 1, then the error is of the
order of +1 to 10°¢C and, hence, is negligible. The continuum approach
to the composite shicld thus appears to give a very close approximation
to reality.

Some calculations have been made for a three-section
shield using tantalum, molybdenum, and copper in the approbriate tem-
perature ranges. The preliminary results indicate that it will be very
difficult to keep the copper in a proper operating temperature range
(lower than SOOOK) and the added complexity of the shields does not
appear to make the thrce-section shield worthwhile at this time. For
the remainder of this section, the composite tantalum-molybdenum shield

will be stressed.

Tantalum-Molybdenum Composite Shield

Assume a shield consisting of tantalum foils adjacent
to the cavity and extending into the shielding to the point at which

. , o . .
the temperature is approximately 1600 K. From this point onward the

foils are molybdenum. The materials for the composite shield design
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were selected on the basis of the lowest practical emissivity values
available for a given temperature range consistent with the material
exhibiting physical and chemical characteristics that are satisfactory
from the viewpoint of overall system performance. In this section,
the equations are developed for calculating the specific number of
shields required for specific heat loads. Plots are presented of the
heat loss versus the total number of shields, and the number of molyb-
denum and tantalum shields with cavity temperature as a parameter.

The equation for the total number of shields for the

tantalum-molybdenum composite reduces to

1600

3 T 30
e/(2-e) 17de + [ ° e/(2-¢)-T7aT
1600 !

_22.7 x 10712 T

No=my, * g, = (4/A)

n

The first term on the right is the number of tantalum shields (excluding
the cavity wall) and the second term is the number of molybdenum shields.
The equation takes this simplified form because the cmissivities of
tantalum and molybdenum arec approximately equal at 1600°K. The integral
can thus be used to calculate the number of shields required for a given
heat load. Shielding requirements have been investigated for 1800, 1900,
2000, and 2100°k cavity temperatures and for heat losses ranging from
0.1 to 1 watt per cmz. Some results are plotted in Fig. ‘-18. The
integrals were evaluated numerically by Simpson's one third rule and by
the trapezoidal rule, as appropriate. The results show that for 30

foils the heat loss at a 2000°K cavity temperature is 0.33 watt per cm2.
At 1900°K the loss is reduced to 79 percent of the value at 2000°K.

This reduction in loss at 2000°k cavity temperature could be achieved
with the addition of 8 shiclds. Most of the foils will be molybdenum.

Temperature Variation in the Tantalum-Molybdenum
Composite Shield

The temperature distribution in a shield system is
often required. This information is of particular interest if there

is a desire to insert a temperature-sensitive material between certain
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layers. 1In this section, a general method for finding the temperature
distribution (I(n) is outlined and T(n) is cvaluated and plotted for
the tantalum-molybdenum composite shield.

For the equation for the number of shields, it is

clear that the number of shields required to cause a temperature drop

- > ;
T1 T2 (for Tl T2) is
o= 4o T1 € T3dT
((I/A) :I 2-~¢
hence,
ho oo 3
n = T €/(2-¢)T7dT
A
(q/4) T

where T is the temperature n shields away from the cavity wall. Values
of n and T for a cavity temperature of 2000°K 1is shown in Fig. ¢-19.
The plots give the foil temperature as a function of the number of
foils n away from the cavity wall. 7The heat loss rate is the parameter
for these curves. The curves end on a line that is the envelope of the
outer shield temperature versus the total number of shields. Each

graph is for a different cavity temperature.

Generator-Structure and Overall Efficiencies

The generator-structure cfficiency is a measure of
how well the generator performs its function of transferring heat to
the diodes. It is the fraction of the «nergy arriving at the cavity
that is available to the converters. Figure t-20 gives values of the
losses typically encountered in the generator-structure of the four-
converter gencrator. It is felt that the scale of losses will gener-
ally hold true for most generator structures. The gap losses are by
far the most serious for a well-designed converter. However, reradia-
tion and reflection losses from the cavity (not shown in Fig. 6~20)

are far more serious.
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